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Preface 
Like any society, honeybee colonies contain selfish individuals that pursue their own 
interests, or cheat, at the expense of the colony, and these individuals need to be 
controlled. Individual workers can cheat by selfishly laying eggs that are reared at the 
colony’s expense. This thesis seeks to examine the circumstances under which workers 
can successfully reproduce, and how these individuals are controlled, in two species of 
honeybee: the Western honeybee Apis mellifera and its sister species, the Eastern 
honeybee A. cerana. 
A basic assumption arising from studies of A. mellifera is that workers do not reproduce 
while a queen is present. However, it is not logical for A. mellifera workers to lay eggs 
unless their sons will have the chance to mate with a virgin queen (ie. during 
reproductive swarming events). Thus, when one only quantifies worker reproduction 
outside of the period in which producing males may actually pay off, the real 
contribution of workers to male production may be underestimated. I quantified levels 
of worker reproduction in seven A. mellifera colonies throughout the course of a season 
and found that workers contributed significantly to male production in the lead-up to 
and during swarming events. This shows that worker reproduction is actually quite 
common in A. mellifera, but that workers time their reproductive attempts to the period 
when they will be most valuable. 
A second basic assumption regarding the mechanisms behind reproductive division of 
labour in honeybee colonies is that even when workers attempt to reproduce, their 
attempts will be rendered futile because of policing by other workers. Thus, in the face 
of effective policing, workers are selected to acquiesce. However, in A. cerana, workers 
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have high levels of ovary activation despite effective policing. I show that A. cerana 
workers with active ovaries actually do lay their eggs, thus confirming that reproductive 
harmony in A. cerana colonies is maintained by force rather than acquiescence. Policing 
efficiency in A. cerana was found to be slightly lower than in A. mellifera, explaining 
the higher levels of ovary activation seen in this species. 
Colonies must also defend themselves against non-natal reproductive parasites; the 
simplest way to do this is by guarding, or preventing non-nestmates from entering the 
nest. I show that A. cerana guards are effective at preventing foreign workers from 
entering, but do not show increased aggression towards foreign workers with active 
ovaries. This supports the hypothesis formed from studies of A. mellifera that guarding 
evolved as a defence against robbing that was later co-opted to protect colonies against 
reproductive parasites. 
When do workers know when to activate their ovaries? Outside the period of 
reproductive swarming workers should refrain from activating their ovaries, but attempt 
to lay eggs when the colony is rearing queens and the mother queen is lost. A. mellifera 
workers generally respond to pheromonal signals emanating from both the queen and 
her brood to decide whether or not they should attempt to reproduce. By disrupting the 
pheromonal cycling within A. cerana colonies, I showed that A. cerana workers also 
respond to these signals, despite the fact that they already have high levels of ovary 
activation. Thus pheromonal signals are also highly significant in the maintenance of 
reproductive harmony in A. cerana colonies as well as in A. mellifera. 
Finally, I describe the anomalous appearance of queen cells in A. cerana colonies that 
contained neither queens nor brood. A combination of genotyping and timing of the 
appearance of these individuals confirmed that they were the thelytokously-produced 
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daughters of workers. This is the first example of thelytoky in a honeybee outside A. 
mellifera, and has significant evolutionary and ecological implications for this species. 
Together, these findings show that the most important characteristics of a successful 
reproductive parasite are the ability to activate ovaries, lay eggs that escape policing and 
timing so that any reproductive attempt takes place when the potential fitness pay-off is 
highest. For species capable of reproducing thelytokously, there is the added advantage 
of being able to lay eggs in queen cells. In species without genetic caste determination, 
such as honeybees, such cheating workers can become reincarnated as the next quen of 
the colony. 
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Chapter 1 
GENERAL INTRODUCTION 
In Virgil’s poem The Georgics, worker bees are described as happily sacrificing their 
reproductive prerogatives in order to joyfully labour in the service of their colony and 
monarch. This view has held sway for the greater part of history, until the publication of 
Hamilton’s inclusive fitness theory (Hamilton, 1964a, Hamilton, 1964b). Although 
Hamilton’s work initially explained how non-reproductive workers in insect colonies 
could evolve, Darwin’s ‘one special difficulty’ (Darwin, 1859), his gene-focused 
explanation also predicts conflict within insect societies (Ratnieks and Reeve, 1992). If 
an individual is selected to increase the contribution of copies of its own genes to the 
next generation, then under many conditions an insect worker should ‘cheat’ and not 
refrain from personal reproduction. It is this realisation that has led to a field of research 
aimed at understanding conflict and conflict resolution in insect societies (Bourke, 
1988, Bourke, 2011, Ratnieks, 1988, Ratnieks et al., 2006, Ratnieks and Reeve, 1992, 
Wenseleers et al., 2004a, Wenseleers et al., 2004b, Wenseleers and Ratnieks, 2006a). 
Such studies have shown that insect societies have evolved a myriad of mechanisms 
aimed at policing the selfish behaviour of individual workers (Beekman and Ratnieks, 
2003, Ratnieks et al., 2006). In many instances, such policing mechanisms are so 
effective the workers are selected to not even try to pursue their selfish interests 
(Wenseleers et al., 2004a, Wenseleers et al., 2004b, Wenseleers and Ratnieks, 2006b). 
Does that mean that we have come full circle, and insect societies are indeed comprised 
of obedient workers, even if only by force? Apparently not. Since the availability of 
molecular techniques, it has become increasingly apparent that workers do indeed 
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actively and often successfully pursue their own selfish interests. In 2008 Beekman and 
Oldroyd summarised what was then known about intraspecific reproductive parasitism 
in social bees. They focused on intraspecific parasitism by workers from within the 
colony as well as from other colonies. At the time, reproductive parasitism was 
restricted to two strange populations of honeybee; the ‘anarchistic’ honeybee and the 
Cape honeybee, one species of bumblebee, and queenless colonies of Apis species 
(Beekman and Oldroyd, 2008). ‘Anarchistic’ bees have been selected since 1994 for 
high levels of worker reproduction in colonies containing a queen (Montague and 
Oldroyd, 1998, Oldroyd and Osborne, 1999, Oldroyd et al., 1994), while the Cape 
honeybee is peculiar because its workers are capable of producing female offspring 
without mating (Onions, 1912), thus changing the kin structure of the colony (Greeff, 
1996). Both can therefore be regarded as aberrations to the norm. Similarly, when 
colonies have lost their queen, the workers do not have that many options left, and 
parasitising another colony seems the best strategy (Chapman et al., 2010a, Nanork et 
al., 2007a, Nanork et al., 2005). Thus, apart from the bumblebee Bombus terrestris, 
where workers from colonies containing a queen parasitise other colonies with their 
eggs (Birmingham et al., 2004, Lopez-Vaamonde et al., 2004), it appears that worker 
reproductive parasitism is extremely rare in most bee populations, apart from queenless 
colonies. But is this true? 
Beekman and Oldroyd (2008) predicted that intraspecific parasitism would be much 
more widespread. And indeed, since the publication of their review, some curious 
examples of reproductive parasitism have been found in a Brazilian species of stingless 
bee, Melipona scutellaris. 
Melipona scutellaris stingless bees live in nests of up to 2000 workers (Toth et al., 
2004) and are found throughout north-eastern Brazil. By genotyping nearly 600 males 
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from 45 colonies over a period during which the original queen was replaced multiple 
times, Alves et al. (2009) found that around 20% of males were the sons of workers. Of 
those worker-produced males up to 80% had genotypes suggesting they were not the 
sons of daughters of the queen present in the colony at the time but of a previous queen 
that had been superseded (Alves et al., 2009). Workers were therefore effectively 
parasitising the colony of the next generation; the first example of intergenerational 
reproductive parasitism. Alves et al. (2009) argued that these workers were specialised 
parasites as their lifespans were much longer than that of the average worker. In 
addition, their numbers within the colony were low, but their contribution to males high. 
Although worker reproduction almost inevitably comes at some cost to the colony 
(Ratnieks and Reeve, 1992, Toth et al., 2004), these costs were borne by colony 
members to whom the parasitising workers were less related. 
Melipona scutellaris also shows us that it is not just workers that can decide to cheat. 
Like many stingless bee species, colonies of M. scutellaris produce replacement queens 
in far greater numbers than the colony requires (Santos et al., 2006, Wenseleers and 
Ratnieks, 2004). What happens to these excess queens? Researchers once assumed that 
these queens are simply slaughtered by the workers, and in many cases this does seem 
to be their most likely fate (Imperatiz-Fonseca and Zucchi, 1995). However, genotyping 
showed that in M. scutellaris, 25% of all replacement queens were not related to the 
workers in the colony (Wenseleers et al., 2011). These queens were escapees from other 
colonies and specifically target nests that are undergoing queen replacement (Van 
Oystaeyen et al., 2013, Wenseleers et al., 2011). Moreover, these queens time their 
invasions for the evenings when guarding efficiency is lower (Van Oystaeyen et al., 
2013). Intraspecific parasitism by queens would appear to be highly advantageous both 
to the queen herself and to the natal colony. Given that many species of stingless bees 
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produce excess queens (Imperatiz-Fonseca and Zucchi, 1995), it is likely that queen 
parasitism also occurs in other stingless bees. 
In this thesis I investigate the conditions under which workers in the genus Apis pursue 
their own selfish interests. In doing so I challenge the notion that worker reproductive 
parasitism is restricted to weird populations of honeybees. I re-investigate worker 
reproduction in A. mellifera, and examine some of the basic tenets of social conflict 
drawn from A. mellifera in its sister species, the Eastern honeybee A. cerana. 
What causes conflict? The asymmetrical kin structure of honeybee colonies 
Honeybee (Apis spp.) societies have three important characteristics that define their kin 
structure: a single-locus sex determination system, the ability of workers to reproduce 
parthenogenetically, and the tendency of queens to mate with multiple males 
(polyandry). In the vast majority of (sub)species that have been studied, workers 
reproduce via arrhenotokous parthenogenesis and so can only produce male offspring. 
This means that workers are related to their sons by 0.5, sons of the queen by 0.25, sons 
of full-sisters by 0.375 and sons of half-siblings by 0.125 (Bourke, 1988) (Figure 1). As 
the queen is multiply-mated, the majority of workers in the colony will be half-siblings 
(Bourke, 1988). Thus, kin selection predicts that workers should refrain from personal 
reproduction while simultaneously limiting the reproductive output of other workers 
(Bourke, 1988, Ratnieks and Reeve, 1992). In this way, a worker can ensure that only 
sons of the queen are reared, the trade-off being that while she misses the opportunity 
for personal reproduction, she will only spend resources on rearing males that are twice 
as related to her than if she were rearing the offspring of half-sisters (Bourke, 1988, 
Ratnieks and Reeve, 1992). 
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Figure 1. Kin structure of a polyandrous insect society in which workers reproduce via 
arrhenotokous parthenogenesis. The focal worker, Alice, represents an average individual 
worker in such a colony. Numbers below the names of each individual denote that individual’s 
degree of relatedness to Alice. Alice is more related to her own son (Albert) than any other male 
in the colony. However, as the majority of workers in the colony will be half-sisters of Alice 
(such as Bertha), if all workers reproduce, the majority of males in the colony will on average 
by related to Alice by 0.125 (such as Barry). Thus on average the best strategy for Alice is to 
simultaneously refrain from personal reproduction and limit the reproductive output of other 
workers, thus ensuring that the majority of males in the colony are sons of the queen. Figure 
adapted from Beekman and Oldroyd (2008). 
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One subspecies of A. mellifera, the Cape honeybee A. m. capensis, is capable of 
thelytokous parthenogenesis, or the asexual production of diploid offspring (Onions, 
1912). Thelytoky changes the kin structure of a colony considerably, with significant 
implications for conflict. In this case, workers are related to their own offspring by 1.0, 
which means they will be related to full-siblings and their daughters by 0.75, and to 
half-siblings and their daughters by 0.25 (Greeff, 1996) (Figure 2). As workers are now 
equally related to offspring of the queen and offspring of other workers, there is no 
longer any incentive for them to refrain from personal reproduction (Greeff, 1996) 
(Figure 2), provided that worker reproduction is not costly at the colony level. 
Similarly, the fact that thelytokous workers produce clones of themselves means that the 
queen will be just as related to worker-produced offspring as she is to her own 
daughters (Greeff, 1996) (Figure 2). Thus, there is no inclusive fitness benefit for either 
workers or queens to limiting worker reproduction in thelytokous species, and as such, 
we expect workers to compete fiercely for reproductive opportunities in these species. 
Indeed, worker reproduction is more permissive in the Cape honeybee (Beekman et al., 
2009). But more importantly, thelytoky combined with the absence of genetic caste 
determination also allows workers to produce the colony’s next queen. In A. m. capensis 
colonies well over half of all new queens are the daughters of workers (Allsopp et al., 
2010, Holmes et al., 2010, Jordan et al., 2008), a huge fitness pay-off for the lucky 
worker. 
 Conflict resolution in honeybee colonies 
Policing describes any behaviour by queens or workers that limits the reproductive 
output of other workers. This commonly involves the oophagy of worker-laid eggs, 
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Figure 2. Kin structure of a polyandrous insect society in which workers reproduce via 
thelytokous parthenogenesis. In this case, Alice is related to her daughter Anna by unity. As 
workers reproduce clonally, even the daughters of half-sisters of Alice (Bertha) will be equally 
related to Alice as sons of the Queen. Thus there is no relatedness incentive for either the queen 
or the workers to limit worker reproduction. Figure adapted from Beekman and Oldroyd (2008). 
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which has been demonstrated in a variety of taxa (Monnin and Ratnieks, 2001, Oldroyd 
et al., 2001a, Ratnieks and Visscher, 1989, Zanette et al., 2012). However, it may also 
include the physical harassment of reproductive workers (Dampney et al., 2002, 
Monnin et al., 2002, Sakagami, 1954, Teseo et al., 2013).  
When policing mechanisms are highly efficient, workers are selected to refrain from 
reproduction altogether; if worker-laid eggs are extremely unlikely to be reared to 
adulthood there is no incentive for workers to reproduce (Wenseleers et al., 2004a, 
Wenseleers et al., 2004b, Wenseleers and Ratnieks, 2006b). This is known as 
reproductive acquiescence theory (Wenseleers et al., 2004a, Wenseleers et al., 2004b, 
Wenseleers and Ratnieks, 2006a), and has become a popular explanation for 
reproductive division of labour in insect societies.  
In addition to having mechanisms in place to curtail selfish behaviour by nest mates, 
colonies must protect themselves from being parasitised by workers from other 
colonies. Egg-dumping, wherein an insect worker enters a nearby conspecific nest and 
lays eggs which are reared at the host’s expense, is of particular concern to queenless 
colonies (Figure 3). When a colony has lost its queen and cannot rear another, workers 
must activate their ovaries and lay eggs as it is the colony’s only remaining reproductive 
option (Bourke, 1994, Miller and Ratnieks, 2001). However, this means that workers 
must curtail policing via oophagy, which renders the colony vulnerable to egg-dumping 
(Figure 3). 
The simplest way for colonies to protect themselves from egg-dumping is to prevent 
foreign workers from entering their nests in the first place. Workers of several species 
are known to actively reject non-natal workers at the nest entrance (Chapman et al., 
2009a, Chapman et al., 2008, Downs and Ratnieks, 2000). However, there is currently  
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Figure 3. A broodcomb from a queenless A. cerana colony in which egg-dumping has 
begun to occur. The appearance of multiple eggs in individual cells indicates worker 
egg-laying activity. Each cell can only support a single egg, so such severe parasitism 
cannot be sustained by the colony and must be prevented. Photo by M. Holmes. 
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no evidence that honeybee guards assess the reproductive potential of a foreign worker 
when deciding whether she should have access to the colony, and rather just become 
less permissive of foreign workers in general (Chapman et al., 2009a). 
Other means of regulation of worker reproduction in queenright colonies 
Given that workers become reproductive when the colony has lost its queen and failed 
to rear a replacement, but should refrain from reproducing when queenright (ie. a queen 
is present), how is reproductive division of labour regulated? Workers must be able to 
discern the presence and egg-laying capacity of the queen. This is largely facilitated by 
pheromonal signals (Figure 4). 
Honeybee queens directly signal their presence to workers by producing queen 
mandibular gland pheromone (QMP) (Winston and Slessor, 1998, Free, 1987). Worker 
ovarian development is rare or absent in the presence of QMP (Hoover et al., 2003, 
Butler and Fairey, 1963); however, the precise effect of QMP is taxonomically variable 
(Hoover et al., 2003, Wossler and Crewe, 1999). While workers interpret the presence 
of QMP as a signal of the queen’s presence, they assess the fertility of the queen via 
signals emanating from the brood (Mohammedi et al., 1996, Mohammedi et al., 1998, 
Oldroyd et al., 2001b, Strauss et al., 2008). If the queen stops producing eggs, either 
because she is ailing or no longer present, the strength of the brood signal will decrease, 
eventually resulting in queen-supersedure (Pettis et al., 1997). If no replacement queen 
can be reared, the colony will eventually become broodless, and the complete absence 
of the pheromones associated with the queen results in workers activating their ovaries 
and laying eggs. In addition, policing of eggs ceases so that the colony can raise one last 
batch of males (Miller and Ratnieks, 2001). 
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Figure 4. A. cerana workers form a retinue around the queen (marked with blue paint) 
in response to pheromonal signals from the queen. Photo by M. Holmes. 
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The efficacy of these pheromones at mediating worker reproduction appears to have a 
genetic component. For example, A. mellifera workers are more likely to have active 
ovaries if their colony contains brood from an ‘anarchistic’ colony, whether or not the 
workers that rear the brood are anarchists or wild-type (Oldroyd et al., 2001b). This 
strongly suggests that anarchistic larvae do not produce the pheromones that act as a 
signal of the queen’s fitness in either the same quantity or quality as wild-type workers 
(Oldroyd et al., 2001b). Similarly, workers from the anarchistic line are less likely to 
refrain from activating their ovaries, even when in the presence of wild-type brood 
(Oldroyd et al., 2001b). Thus, they are less sensitive to brood pheromones. 
When to cheat? 
Recent studies of A. m. capensis have revealed that workers of this subspecies are more 
likely to become reproductive during the period in which colonies are rearing new 
queens (Beekman et al., 2009). Thus, instead of wasting resources on producing more 
workers, Cape bee workers specifically time their reproductive efforts to coincide with 
the period in which they could produce the next queen. One could be forgiven for 
thinking that such well-timed reproduction is restricted to (sub)species in which workers 
can become the mother of the next queen. However, even when workers can only 
produce males, timing is everything: a male is a genetic dead end unless he is able to 
mate with a virgin queen. Virgin queens will only be present in an area during 
reproductive swarming events (Winston, 1987). Thus, the same selective pressures that 
lead A. m. capensis workers to attempt to reproduce during swarming events are 
applicable to arrhenotokous species: it is the workers that successfully reproduce during 
this period that enjoy the greatest possible fitness pay-off. 
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The curious case of Apis cerana 
Almost all of what is known about reproductive conflict in honeybee societies comes 
from studies on A. mellifera. But A. mellifera has a very interesting Asian relative, A. 
cerana. A sister species of A. mellifera (Arias and Sheppard, 2005, Engel and Schultz, 
1997, Lo et al., 2010, Raffiudin and Crozier, 2007), A. cerana is native to and 
distributed throughout Asia (Oldroyd and Wongsiri, 2006). In many ways it is 
behaviourally similar to A. mellifera in that it nests in cavities and builds multiple 
combs (Oldroyd and Wongsiri, 2006), and it is the only other honeybee species to be 
domesticated. Notwithstanding the similarities, in terms of its reproductive biology, A. 
cerana appears different to A. mellifera. Despite apparently efficient policing (Oldroyd 
et al., 2001a), up to 6% of A. cerana workers have active ovaries, even when a queen is 
present (Nanork et al., 2007a, Oldroyd et al., 2001a). This presents a stark contrast with 
A. mellifera, in which only 0.01% of workers have active ovaries (Ratnieks, 1993). Yet, 
worker-laid offspring have never been found in queenright A. cerana colonies (Oldroyd 
et al., 2001a). This suggests that policing is highly efficient, so according to 
reproductive acquiescence theory, workers should not attempt to reproduce and 
therefore levels of ovary activation should be low (Wenseleers et al., 2004a, Wenseleers 
et al., 2004b). Yet in A. cerana, those levels are very high. Why is this? Of critical 
importance in explaining high ovary activation levels will be to find out whether A. 
cerana workers with active ovaries actually lay their eggs. If they do not, then workers 
have functional if not physiological reproductive self-restraint. However, if they do 
indeed lay the eggs in their ovaries, it would suggest that reproductive division of labour 
in A. cerana colonies is only maintained by force. 
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Thesis outline 
This thesis has two main aims: to re-investigate worker reproduction in A. mellifera in 
order to elucidate the circumstances in which workers can become reproductive, and to 
investigate some of the basic aspects of social conflict in the lesser known A. cerana. 
The first aim is the focus of Chapter 2. Until recently, worker reproduction was thought 
to be almost non-existent in queenright A. mellifera colonies, apart from the rare 
anarchistic mutant described earlier (Oldroyd et al., 1994). The question I address is 
whether A. mellifera workers, like their thelytokous counterpart, focus their 
reproductive attempts to coincide with the colony preparing to swarm. Thus, in Chapter 
2, I quantify levels of worker reproduction in seven A. mellifera colonies throughout the 
course of a season, including the period in which all seven colonies swarmed. 
The rest of the thesis is concerned with A. cerana. In Chapter 3, I investigate worker 
reproduction and worker policing in queenright A. cerana colonies. By genotyping male 
eggs and pupae, as well as comparing removal rates of queen- and worker-laid eggs, I 
confirm whether or not workers actually lay their eggs. Chapter 3 thus addresses the 
question as to whether it is coercion by peers or self-restraint on the part of workers that 
maintains reproductive harmony in A. cerana. 
Chapters 4 and 5 investigate some of the well-known mechanisms that regulate worker 
reproduction in A. mellifera to see if they have a similar function in A. cerana. Several 
studies have shown the importance guarding as a defence mechanism against non-natal 
reproductive parasites in A. mellifera (Beekman et al., 2002b, Chapman et al., 2009a, 
Downs and Ratnieks, 2000). Only one study has investigated the role of guarding in A. 
cerana (Chapman et al., 2008). While Chapman et al. (2008) showed that A. cerana 
guards do indeed reject non-natal workers, the study was inconclusive as to whether A. 
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cerana guards are particularly vigilant against potentially reproductive workers. I revisit 
this question in Chapter 4. 
In Chapter 5, I investigate whether disrupting the circulation of pheromones that in A. 
mellifera regulate worker reproduction affects the reproductive behaviour of A. cerana 
workers. Given the already high frequency of workers with active ovaries in queenright 
colonies, does such disruption increase ovary activation even further? 
During the course of my fieldwork on A. cerana, I found that some queenless colonies 
continued to produce new queens even though the colonies no longer contained any 
queen-produced brood. In Chapter 6 I investigate the origin of these ‘mystery’ queens. 
Finally, Chapter 7 summarises the main findings of my thesis, and suggests directions 
for future research. 
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Chapter 2 
Cheaters sometimes prosper: targeted worker reproduction in honeybee (Apis 
mellifera) colonies during swarming 
Michael J. Holmes, Benjamin P. Oldroyd, Michael Duncan, Michael H. Allsopp and 
Madeleine Beekman 
A version of this chapter was published in Molecular Ecology (Vol. 22, pages 4298-4306) 
Author contributions: All authors contributed to design of the research. MJH and MD performed the 
research, MJH, MB and BPO analysed the data, MJH and MB wrote the paper, BPO and MHA 
commented on earlier versions of the paper. 
Abstract 
Kin selection theory predicts that honeybee (Apis mellifera) workers should largely 
refrain from producing their own offspring, as the workers collectively have higher 
inclusive fitness if they rear the sons of their mother, the queen. Studies that have 
quantified levels of ovary activation and reproduction among workers have largely 
supported this prediction. We sampled pre-emergent male pupae and adult workers 
from seven colonies at regular intervals throughout the reproductive part of the season. 
We show that the overall contribution of workers to male (drone) production is 4.2%, 
nearly 40 times higher than is generally reported, and is highest during reproductive 
swarming, when an average of 6.2% of the males genotyped are worker-produced. 
Similarly, workers in our samples were 100 times more likely to have active ovaries 
than previously assumed. Worker reproduction is seasonally influenced and peaks when 
colonies are rearing new queens. Not all worker subfamilies contribute equally to 
reproduction. Instead, certain subfamilies are massively over-represented in drone 
brood. By laying eggs within the period in which many colonies produce virgin queens, 
these rare worker subfamilies increase their direct fitness via their well-timed sons. 
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Introduction 
Insect societies are characterized by reproductive division of labour, in which queens 
are reproductively dominant while workers are functionally sterile (Bourke, 1988, Oster 
and Wilson, 1978). Although workers of many species are capable of laying eggs that 
can develop into fully-functional males, workers do not usually lay eggs in the presence 
of a queen (Bourke, 1988). This apparently altruistic behaviour is readily explained in 
the light of inclusive fitness theory (Hamilton, 1964a, Hamilton, 1964b), which can be 
used to show that a worker’s inclusive fitness can be enhanced by refraining from 
personal reproduction and increasing the reproductive output of her mother (Bourke, 
2011). However, because insect societies are rarely comprised of clones, the 
reproductive interests of individual workers never overlap completely (Beekman and 
Ratnieks, 2003). As a result, inclusive fitness theory also predicts that individual 
workers can benefit from personal reproduction, even if it reduces colony-level fitness 
(Frank, 1995, Hardin, 1968, Beekman and Oldroyd, 2008). It is generally agreed that 
this conflict is resolved by group-level behaviour that enforces the effective sterility of 
individuals (Bourke, 2011). 
The above-described interplay between individual-level and colony-level conflicts over 
reproduction is the result of the Hymenopteran haplo-diploid sex determination system 
and the tendency of queens of many social insects to mate with multiple males 
(polyandry) (Ratnieks 1988). In colonies with a multiply mated queen, workers are on 
average more related to the sons of the queen than to sons of their sisters (reviewed by 
Ratnieks et al., 2006). Thus, while an individual worker will always prefer her own son 
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over those of either the queen or her sister workers, the collective workers prefer the 
sons of the queen over sons of their sisters (reviewed by Ratnieks et al., 2006). This 
relatedness asymmetry has led to the evolution of group-level mechanisms that limit 
worker reproduction (Ratnieks, 1988, Ratnieks and Visscher, 1989). 
In many species, the most important colony-level mechanism for controlling selfish 
reproductive behaviour by workers is ‘policing’ (Ratnieks, 1988). Policing describes 
any behaviour of workers or queens that reduces the reproductive output of other 
workers. This includes physical harassment of reproductive workers (Monnin and 
Ratnieks, 2001, Monnin et al., 2002, Visscher and Dukas, 1995), and, more commonly, 
the selective removal of worker-laid eggs (Endler et al., 2006, Foster and Ratnieks, 
2001b, Ratnieks and Visscher, 1989). In the presence of an effective police force, 
attempts to lay eggs are futile, resulting in functional worker sterility (Wenseleers et al., 
2004a). Thus, effective worker policing removes the incentive for workers to lay eggs 
(Wenseleers et al., 2004a), resolving reproductive conflicts between individuals and the 
society and preventing adverse effects of selfish behaviour at the colony level (Bourke, 
2011, Ratnieks and Reeve, 1992).  
Empirical support for the evolution of worker policing via oophagy, and the 
consequential evolution of reproductive self-restraint, comes from studies of many 
social insect taxa (reviewed by Wenseleers and Ratnieks, 2006a). Probably the best-
studied species in this respect is the Western honeybee, Apis mellifera. In A. mellifera 
up to 7% of male-destined eggs are laid by workers but only about 0.12% of mature 
males (drones) are workers’ sons (Page and Erickson, 1988, Visscher, 1989, Visscher, 
1996). These sons are the offspring of only a small number of workers, as only 0.01% 
of workers have eggs in their ovaries (Ratnieks, 1993). Police workers apparently 
distinguish queen-laid eggs from worker-laid eggs by a chemical mark placed on eggs 
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by the queen (Ratnieks, 1995), though this mark has never been chemically identified 
(Martin et al., 2005). 
Occasionally there are honeybee colonies identified in which the majority of the 
emerging drones are sons of the workers and not the resident queen (Chaline et al., 
2002, Montague and Oldroyd, 1998, Oldroyd et al., 1994). These ‘anarchistic’ colonies 
have been identified because of patches of drone brood found in a part of the hive (the 
honey super) to which the queen had no access. Interestingly, in all of these instances, 
the worker-laid drones were the sons of one or a few patrilines (workers that share a 
father) (Chaline et al., 2002, Montague and Oldroyd, 1998, Oldroyd et al., 1994). This 
indicates that (i) the anarchistic trait has a genetic component, (ii) these patrilines have a 
greater tendency to activate their ovaries and lay eggs and (iii) the eggs are more likely 
to survive policing than those laid by wild-type workers (Barron et al., 2001). These 
traits are readily selectable (Oldroyd and Osborne, 1999). 
Examination of the timing of worker reproduction in the thelytokous Cape honeybee, A. 
m. capensis, reveals that worker reproduction is strongly linked to swarming events 
(Beekman et al., 2009, Jordan et al., 2008). This is the period in which honeybee 
colonies raise new queens and large numbers of drones (Winston, 1987). Because 
thelytokous workers effectively clone themselves, a worker that is successful in having 
her thelytokous daughter become the new queen becomes, in genetic terms, the new 
queen herself. Not surprisingly, as many as 50% of the queens produced by A. m. 
capensis colonies are the daughters of workers and not the resident queen (Allsopp et 
al., 2010, Holmes et al., 2010, Jordan et al., 2008).  
If workers of A. m. capensis carefully time their reproduction to coincide with queen-
rearing, might not arrhenotokous honeybee workers do the same? As arrhenotokous 
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workers can only produce males, their sons have far greater value if they have a fair 
chance of mating with a virgin from a different colony. During the period of 
reproductive swarming, usually in spring, there are likely to be many virgin queens 
present within flight range of a colony (Oldroyd et al., 1995). Any drones laid during 
the period of queen production will have a greater opportunity to mate than at other 
times of year. It was recently shown that even in arrhenotokous A. mellifera, the degree 
of worker ovary activation is higher during periods of reproductive swarming 
(Woyciechowski and Kuszewska, 2012). In this paper we determine the maternal origin 
of samples of male brood collected from seven arrhenotokous A. mellifera colonies 
before, during and after reproductive swarming events in order to determine how 
whether any of these reproductive workers are successful in their attempts to reproduce. 
Materials and methods 
Sampling 
We placed seven colonies in 10-frame Langstroth boxes in March 2010 (Autumn) at the 
Hawkesbury Campus of the University of Western Sydney, Richmond, New South 
Wales, Australia. All colonies were strong honey-gathering colonies containing in 
excess of 40,000 bees. The queens were naturally-mated wild-type queens of standard 
commercial Australian stock and were not related to each other. The queens were paint-
marked (Posca Paint Pens, Mitsubishi Pencil Co., Japan) to allow identification 
throughout the experiment. Colonies reared drones up until the end of the season in 
April 2010. Drone production resumed in September 2010 as the colonies prepared for 
reproductive swarming. We personally observed the departure of all seven swarms.  
At each sampling point, we sampled a maximum of 100 pre-emergent drones (PED; for 
genotyping) and 250 adult workers (for dissection) from each colony. The initial 
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samples were collected during March (Autumn) when the colonies were established, 
and then at fortnightly intervals from September through to November (encompassing 
the swarming season in Sydney). Drones were abundant in all colonies throughout this 
time, until drone production ceased in November. PED were collected randomly from a 
single frame of drone comb at each sampling interval. All PED collected were pupae 
that had been laid at least 15 days prior, as only PED with fully developed legs and eyes 
were harvested (the developmental time from egg to adult drone is 24 days (Winston, 
1987)). All colonies were sampled at least four times prior to swarming and at least 
once after swarming. The presence of the marked queen was noted at each collection 
prior to swarming. 
All 250 workers from each sample were dissected to determine whether they had 
activated ovaries (Oldroyd et al., 2001a). Workers were scored as being either 
reproductively active (visible eggs present in the oviducts) or inactive (no eggs present 
in the oviducts). 
Genetic Analysis 
We genotyped the following samples: ~100 workers from each colony collected in 
September just prior to swarming to infer the queen’s genotype and to estimate the 
number of patrilines present in each colony (Oldroyd et al., 2000, Estoup et al., 1994), 
all PED collected, and any workers found with active ovaries. We extracted DNA from 
the hind legs of PED and workers using the Chelex method (Walsh et al., 1991). DNA 
from each individual was amplified at the following microsatellite loci: A107, A113, 
A14, A29, A79, A8, A88 and B124 (Solignac et al., 2003) in two multiplex polymerase 
chain reactions (multiplex 1: A107/A8/A88/B124, multiplex 2: A113/A14/A29) and 
one single-plex (A79) PCR using standard PCR conditions (Estoup et al., 1994). 
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Genotypes were scored as in Holmes et al. (2010). Patrilines were assigned manually; 
individuals that shared the same paternal alleles were grouped in the same patriline. If 
individuals that were suspected to be a worker-laid PED or a worker with active ovaries 
had alleles at any marker that appeared ambiguous, these individuals were re-
genotyped. 
A drone was classified as worker-laid if he carried at least one non-queen allele 
(Montague and Oldroyd, 1998, Oldroyd et al., 1994). If a drone carried a queen allele at 
all loci, he was classified as being queen-laid. However, such a drone could have been 
the son of a worker if the queen mated with a male that carried the same allele as one of 
hers at all loci examined. The probability of this non-detection is: 
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where n is the number of loci examined, pik is the relative frequency of the queen’s first 
allele at the kth locus in the population and pjk is the relative frequency of the queen’s 
second allele at the kth locus in the population (Halling et al., 2001, Oldroyd et al., 
2001a). We calculated pik and pjk for each locus for each queen to estimate the non-
detection error for each colony. If a worker had two non-queen alleles at at least one 
locus, she was classified as foreign. If a PED did not carry a queen allele at all eight 
loci, he was classified as foreign-laid. The probability that a queen-laid PED would 
satisfy this criterion is .  
Statistical analyses 
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We used Friedman’s test with multiple comparisons to compare the proportions of 
worker-laid drones present in each time period. This non-parametric test corrects for 
repeated sampling from the same colonies. We also used this test to compare changes in 
worker ovary activation in each phase. We used Fisher’s Exact Test to determine if 
some patrilines were more likely to contribute to PED or were more likely to have 
active ovaries. 
Results 
We genotyped a total of 3202 PED from the seven colonies across all sampling 
intervals. Of these, 135 (4.2%) were found to be worker-laid. Five colonies (colonies 1, 
4-7) swarmed between September 30 and October 14, while colonies 2 and 3 had both 
swarmed by October 28. We divided our sampling intervals into three phases based on 
colony life histories: pre-reproductive (April 15; when colony growth ceased in 
preparation for winter), reproductive (September 16 to October 14; the period in which 
colonies swarmed, including the lead up to swarming) and post-reproductive (October 
28 to November 11; all colonies had swarmed). 
The proportion of worker-laid drones varied significantly across the three periods 
(Friedman’s test, p = 0.019). In the initial pre-reproductive sample, average contribution 
of workers to drone maternity was low at 1.1% (n = 624) (Figure 1). The contribution of 
workers to drone production increased significantly (multiple comparison analysis, p < 
0.05) during the reproductive period when an average of 6.2% of PED (n = 1896) were 
worker-laid (Figure 1). In the post-reproductive period, average worker contributions 
decreased to levels not significantly different from the pre-reproductive period (1.6%, n 
= 682, multiple comparison analysis, p > 0.05) (Figure 1). By this time the new queen 
was laying in all colonies. By the last sampling date (November 11), when only  
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Figure 1. Mean percentage of worker-laid PED (pre-emerged drones) for each 
reproductive phase. Numbers above the bars indicate the number of drones genotyped 
per phase. The percentage of worker-laid PED is significantly higher during the 
reproductive phase (Friedman’s test, p = 0.019). There was no significant difference 
between the pre-reproductive and post-reproductive phases (multiple comparison 
analysis, p > 0.05). Error bars denote standard error of the mean. 
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Colonies 1 and 2 were still producing drones, the average contribution of workers to the 
maternity of drones had dropped to 0.6% (n = 181). Drone production ceased in all 
colonies after this sampling date.  
We dissected a total of 8830 adult workers, of which 105 had active ovaries (1.2%). 
Overall, average levels of ovary activation did not increase significantly across the three 
periods (Friedman’s test, p = 0.119). We detected relatively low levels of ovary 
activation in the March 16 worker samples, with an average of 1.1% of workers having 
active ovaries (n = 1734) (Figure 2). Fifteen of the 21 reproductively active workers 
found in this sample all came from Colony 5. Ovary activation rates were low (0.5%, n 
= 5250) throughout the reproductive period. Ovary activation was higher in the post-
reproductive (3.2%, n = 1846) period than in all other life history-stages, but not 
significantly so (multiple comparison analysis, p > 0.05; Figure 2). On November 11, 
the last day of sampling when only two colonies were still producing drones, an average 
of 4.6% (n = 500) of workers had activated ovaries (Figure 2). 
The estimated number of patrilines ranged from 25 to 38 across the seven colonies 
(Figure S1 in Supplementary Information). In all colonies, the estimated number of 
patrilines present in the colony was higher than the number of patrilines represented in 
the worker-laid PED and in the workers with active ovaries (Figure S1). Apart from 
Colony 1, all colonies produced worker-laid PED from patrilines that were not 
identified among the workers. These PED had a queen allele at the majority of loci. 
However, their non-queen alleles were either not found among the workers, or were in 
the wrong combinations to be attributed to any of the patrilines identified among the 
workers. 
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Figure 2. Mean percentage of workers with active ovaries for each reproductive phase. 
Numbers above the bars indicate the number of workers dissected per phase. Ovary 
activation did not increase significantly between the phases (Friedman’s test, p = 
0.119). Error bars denote standard error of the mean. 
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In Colonies 4 and 6, which had the highest proportions of worker-laid drones, we found 
that worker-laid drones were predominantly from particular patrilines (Figure S1). 
Colony 4 was estimated to be composed of 25 patrilines and produced 35 worker-laid  
PED, of which 31 could be assigned to specific patrilines (Figure S1). Of these, 70% 
belonged to just two patrilines (14 from patriline 1, 7 from patriline 24; Figure S1). 
Sons of these two patrilines were most frequent in the September 30 sample, with 12 of 
the 14 PED from patriline 1 and all seven of the PED from patriline 24 found in this 
sample. This patriline distribution was significantly different to that of the workers 
(Fisher’s Exact Test, p = 0.001). Colony 6 was estimated to be composed of 36 
patrilines and produced 47 worker-laid drones, of which 45 could be assigned to 
specific patrilines (Figure S1). 67% of the worker-laid drones came from just two 
patrilines (18 from patriline 34, 12 from patriline 31). All of the PED from patriline 34 
and 11 of those from patriline 31 were found in the September 16 sample, before this 
colony swarmed. Again, this patriline distribution differed significantly from that of the 
workers (Fisher’s Exact Test, p = 0.002). Worker-laid drones were distributed more 
evenly among patrilines in the remaining five colonies. Because, colonies 4 and 6 
accounted for the majority of worker-laid PED (73 of the 117 worker-laid PED found in 
the three sampling intervals throughout the reproductive period), the remaining five 
colonies produced too few worker-laid PED to allow us to detect biases in patriline 
distribution among PEDs. 
Across all colonies, 5.2% (n = 596) of workers were non-natal to the colonies they were 
found in. Additionally, in total, we found five PED (0.2%) that could not have been laid 
by workers from the colony they were found in. These PED were found in two colonies 
(1 and 2). Colony 1 only produced two worker-laid PED in total. However, in Colony 2, 
three of the four non-natal PED appeared to be from the same patriline (Figure S1). 
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We successfully genotyped 97 of the 105 workers that had active ovaries. The patriline 
distribution of workers with active ovaries was significantly different from that of the 
rest of the workers in Colony 2 (Fisher’s Exact Test, p < 0.001) and Colony 5 (Fisher’s 
Exact Test, p = 0.010) only. However, as the number of workers with active ovaries was 
very low in some colonies, the results of these tests should be treated with caution. We 
found worker-laid drones from the same patriline as the workers with active ovaries 
only in Colonies 4 and 7 (Figure S1). However, in both cases the workers with active 
ovaries were collected after the worker-laid drones from their patrilines had been 
collected. Thus, those workers did not contribute to PED at the time of sampling, but 
some of their sisters did earlier. Twenty of the workers with active ovaries (two in 
Colony 1, one in Colony 2, two in Colony 4, 14 in Colony 5 and one in Colony 7) did 
not have a queen allele at one or more loci, indicating that they had drifted in from other 
colonies. However, non-natal drones were found only in Colonies 1 and 2 (Figure S1). 
We obtained population estimates of allele frequencies by determining the paternal 
allele at each locus for 563 to 609 workers at each locus (approximately 90 workers 
from each colony). We then used Equation 1 to estimate the probability of incorrectly 
classifying a PED as being queen-laid due to the queen having mated with a male that 
shared the same allele(s). This probability is heavily dependent on the number of loci 
that were successfully genotyped and varied between 22% for four loci and 1.9% for all 
eight loci. Overall the average probability of non-detection across all PED was 2.1%. 
Thus, the number of worker-laid drones we discovered among the PED is, if anything, 
underestimated. 
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Discussion 
We found that overall, 4.2% of the drones were worker-laid, a level nearly 40 times 
greater than levels typically cited (Visscher, 1989). Visscher (1989) used the cuticular 
colour mutant cordovan to show that 0.12% of drones were worker-produced. Visscher 
scored nearly 58000 drones over a two-year period, mainly in the summer months, and 
never from colonies that were preparing to swarm (Visscher, 1989). Here, we show that 
sampling time strongly influences the frequency of worker reproduction, which is much 
higher during the period just prior to reproductive swarming. Visscher’s estimate 
remains valid for the entire season, but is underestimated for the period when drone 
production has its greatest functional significance. 
The bias towards greater reproduction by particular ‘anarchistic’ patrilines is strongest 
when drones are the most valuable i.e. the period when virgin queens are reared. Drone 
developmental time from oviposition to emergence is 24 days, and drones become 
sexually mature approximately two weeks after emergence (Winston, 1987). Thus the 
majority of the pre-emerged drones sampled during pre-swarming would have been 
sexually mature during the period when most of the colonies swarmed. The high 
frequency of worker-laid drones at this time suggests that the patrilines that produced 
those drones target their reproductive effort to the time that matters: when young queens 
are being reared across the population. We suggest that this adaptationist argument is 
justified, because just after swarming the number of worker-laid drones declines, while 
the number of patrilines contributing to worker-laid drones increases (Figure S1). 
Additionally, the previously successful patrilines are barely represented in the post-
swarming PED, suggesting that they cease laying after swarming has occurred or that 
worker-laid eggs are more effectively removed after this period. The bias we found 
towards a few patrilines with high reproductive success confirms previous findings 
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(Chaline et al., 2002, Montague and Oldroyd, 1998, Oldroyd et al., 1994) that worker 
patrilines do not contribute equally to the maternity of drones (Figure S1). There is also 
evidence that patrilines that are highly reproductive when a queen is present in their 
colony do not contribute disproportionately to egg production after the queen is 
removed from a colony, when worker reproduction is widespread (Montague and 
Oldroyd, 1998). 
A a proximate level, it is possible that patterns of worker reproduction described in this 
study are the result of some workers having retained gene expression networks that 
define annual reproduction of sexual offspring in queens. These workers would then 
produce drones at the same time as queens would, namely during reproductive 
swarming. All else being equal, such worker-laid eggs would still be removed by other 
workers. The fact that we see that worker-laid drones are raised during the period of 
reproductive swarming suggests that the patrilines that dominated worker-reproduction 
during this phase not only time their reproduction well, but are also able to circumvent 
the police force. We therefore argue that their reproductive behaviour is not only an 
accidental by-product of the retention of queen-like gene expression networks, but is in 
fact adaptive. 
Overall, 1.2% of the workers dissected had active ovaries, 100 times higher than 
previously observed in wildtype (non-anarchistic) honeybees (Ratnieks, 1993). The 
proportion of workers with activated ovaries increased immediately following 
swarming, when levels of worker-produced drones began to decline (Figure 1, Figure 
2). Interestingly, the highest levels of ovary activation were observed several weeks 
after the frequency of worker-produced drones had peaked. This increase in worker 
ovary activation is likely caused by the period when the colony is queenless following 
the departure of the old queen and before the daughter queen commences oviposition. 
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Despite the high frequency of workers with active ovaries, we found very few worker-
laid drones in the post-reproductive period (Figure 1). The high number of workers with 
active ovaries renders a colony vulnerable to reproductive parasitism by workers from 
their own and other colonies, and is probably associated with an increase in the intensity 
of policing so that the fitness costs of worker reproduction are avoided. 
The time lag between the peak in proportion of worker-laid drones and the peak in 
proportion of workers with active ovaries suggests that there are two types of 
reproductive workers within A. mellifera colonies. The first type, through a combination 
of timing of reproduction and an ability to lay eggs that evade policing, are highly 
successful reproductive parasites or ‘anarchists’. Conversely, the workers that activate 
their ovaries as a response to the queenless interlude following swarming are far less 
successful (Figure 1-2). We found workers with active ovaries that produced PED in 
sufficient frequency for us to detect them in only two colonies (4 and 7). Interestingly, 
in both cases the workers with active ovaries were collected in the post-reproductive 
phase, while the PED they produced were found earlier, in the reproductive phase. The 
fact that the vast majority of workers that had active ovaries appeared after swarming 
(Figure 2) and did not share a patriline with any of the worker-laid drones (Figure S1) 
suggests that they are distinct from the highly successful ‘anarchistic’ patrilines that lay 
their eggs before swarming occurs. Thus, our data suggest that the most important 
aspect of the reproductive success of anarchistic patrilines is their ability to lay eggs that 
evade policing rather than having a high frequency of ovary activation (Oldroyd and 
Ratnieks, 2000). 
Reproductive swarming necessarily results in a drop in average relatedness among 
colony members, as the remaining individuals that were offspring of the old queen 
(eggs and larvae as well as adult workers) are aunts of the new queen’s offspring rather 
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than their sisters. Thus, kin selection predicts inter-generational conflict between the 
new queen and the remaining offspring of the previous queen. This conflict is short-
lived, lasting only as long as the offspring of the old queen remain. The frequency of 
workers with active ovaries in colonies containing a queen varies through the year, with 
the highest frequency following swarming (Hoover et al., 2006, Woyciechowski and 
Kuszewska, 2012, Kropacova and Haslbachova, 1969). These workers appear even 
though a new queen is present (Woyciechowski and Kuszewska, 2012). It has recently 
been shown that worker-destined larvae fed during the brief period of queenlessness 
following swarming have a higher number of ovarioles and are more likely to have 
active ovaries than those fed while a laying queen is present (Woyciechowski and 
Kuszewska, 2012). These reproductive individuals are known as ‘rebels’ as they resist 
the reproductive dominance of the new queen (Woyciechowski and Kuszewska, 2012), 
and are distinct from ‘anarchists’ as they only appear in the brief queenless interlude 
following swarming. The increase in ovary activation we observed following swarming, 
while not significant, may have been a manifestation of such rebel workers 
(Woyciechowski and Kuszewska, 2012). However, the proportion of worker-laid drones 
present is low at this time. This suggests that unlike ‘anarchistic’ workers, ‘rebel’ 
workers are unable to evade the police force and also do not time their reproductive 
attempts for the period that is most advantageous. Thus, the potential for inter-
generational reproductive conflict immediately following swarming is resolved by egg 
policing. 
Worker-laid PED that were classified as being non-natal were very rare (0.2% of all 
PED). However, within the colonies they were found in, these foreign workers that were 
mothers of PED had high reproductive success (Figure S1). In queenless honeybee 
colonies, foreign workers are known to have disproportionately high reproductive 
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success. Non-natals account for 7.7% of worker-produced males in A. mellifera 
(Chapman et al., 2010a), 5.5% in A. cerana (Nanork et al., 2007a) and 22.5% in A. 
florea (Nanork et al., 2005). However, in queenless colonies of these species foreign 
workers make up only 0.5%, 1.8% and 3.2% of the worker populations respectively 
(Chapman et al., 2010a, Nanork et al., 2007a, Nanork et al., 2005). In Colonies 1 and 2, 
foreigners accounted for 8.3% and 5.9% of the worker populations (Figure S1). Thus, 
their contribution to drone production mimicked that of foreigners in queenless 
colonies. However, across all seven colonies, 5.2% of workers were non-natal compared 
to 0.2% of worker-laid PED. This low prevalence of foreign-laid PED overall indicates 
that unlike queenless colonies, swarming honeybee colonies are more vulnerable to 
parasitism by their own workers than by non-natals. 
It is unlikely that the worker-laid eggs that evaded policing did so as a result of 
decreased policing efficiency arising from changes in colony population size. While we 
did not estimate the total worker and drone populations in our colonies throughout the 
season, worker and drone populations are highest in mid-late spring, just prior to 
swarming (Bodenheimer, 1937, Seeley and Visscher, 1985). This suggests that the 
increase in proportion of worker-produced drones we observed does not arise from a 
breakdown of policing efficiency due to an excessive number of male eggs relative to 
the number of workers.  
The patriline biases we observed (Figure S1) are unlikely to have arisen from 
incomplete mixing of sperm within the queen’s spermatheca. Previous studies have 
shown that the sperm stored within a queen’s spermatheca is completely mixed, and that 
the patriline composition of workers in a honeybee colony does not change significantly 
over time (Haberl and Tautz, 1998, Schluns et al., 2004). Additionally, it must be noted 
that our assignment of patrilines was based on a sample of ~100 workers from each 
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colony, while our colonies consisted of over 40000 workers. Thus it is possible that our 
worker samples did not include individuals from all patrilines present in the colony. 
Honeybees have evolved extreme polyandry, with queens commonly mating with over 
20 males (Estoup et al., 1994, Oldroyd et al., 1997). Overall, high levels of polyandry 
result in lower average relatedness among workers. Previous studies show that policing 
behaviour is escalated in highly polyandrous species; a higher proportion of the workers 
are only half siblings and thus the collective workers have greater incentive to remove 
worker-laid eggs (reviewed by Wenseleers and Ratnieks, 2006a). Despite the high 
numbers of patrilines in our colonies, some subfamilies were still able to contribute 
significantly to production of males during swarming (Figure S1). This further suggests 
that these patrilines are specialised reproductive parasites. 
Previous studies (Chaline et al., 2002, Montague and Oldroyd, 1998, Oldroyd et al., 
1994) have identified worker-laid brood because it was present in a brood chamber 
above a queen excluder, to which the queen had no access. This phenomenon is very 
rare in A. mellifera, leading Barron et al. (Barron et al., 2001) to conclude that 
‘anarchistic’ patrilines (those patrilines in which workers successfully reproduce despite 
the presence of a queen) are also extremely rare. The colonies in this study did not have 
queen excluders. However, some of our colonies contained a few ‘anarchistic’ patrilines 
that became active during the reproductive season. This strongly indicates that worker 
reproduction is more common than previously thought (Page and Erickson, 1988, 
Visscher, 1989), but only during the period of reproductive swarming. Nonetheless, in 
none of our colonies were the majority of drones worker-laid, as observed in previous 
studies (Montague and Oldroyd, 1998, Chaline et al., 2002, Oldroyd et al., 1994). This 
suggests that the colony studied by Montague and Oldroyd (Montague and Oldroyd, 
1998), which subsequently gave rise to the selected anarchistic line maintained at 
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Sydney University (Beekman and Oldroyd, 2008, Oldroyd and Osborne, 1999), was 
exceptional. 
Seasonal shifts in levels of worker-reproduction are known to occur in other social 
insects, particularly those with annual colonies. In the bumblebee Bombus terrestris, 
workers become reproductive once the queen has commenced drone production, 
indicating that the end of the reproductive season is near (Duchateau and Velthuis, 
1988). Worker reproduction is often associated with worker-queen aggression and 
workers regularly kill the queen (Bourke, 1994). Because B. terrestris is monandrous, 
workers are more related to their nephews than their brothers, and competition between 
the queen and the workers over male production is expected to be severe (Beekman and 
Oldroyd, 2008, Bourke, 1994). However, our work shows that even in polyandrous 
species such as A. mellifera, in which policing mechanisms have evolved to curtail 
selfish individuals, certain individuals are still able to respond to seasonal cues and 
exploit reproductive opportunities. 
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Abstract 
Most societies are vulnerable to rogue individuals that pursue their own interests at the 
expense of the collective entity. Societies often protect themselves from selfish 
behaviour by ‘policing’, thereby enforcing the interests of the collective over those of 
individuals. In insect societies, for example, selfish workers can activate their ovaries 
and lay eggs, exploiting the collective brood rearing system for individual benefit. 
Policing, usually in the form of oophagy of worker-laid eggs, controls selfish behaviour. 
Importantly, once an effective system of policing has evolved, the incentive for personal 
reproduction is lost, and ‘reproductive acquiescence’ in which ovary activation is rare or 
absent is predicted to evolve. Studies of social Hymenoptera have largely supported the 
prediction of worker ‘acquiescence’; workers of most species where policing is well 
developed have inactive ovaries. However, the Eastern honeybee Apis cerana appears to 
be an exception. A. cerana colonies are characterised by highly efficient policing, yet 
about 5% of workers have active ovaries, even when a queen is present. This suggests 
that the evolution of acquiescence is less complete in A. cerana. We regularly sampled 
male eggs and pupae from four A. cerana colonies. Workers had high levels of ovary 
40 
 
activation overall (11.7%), and 3.8% of assignable male eggs and 1.1% of assignable 
male pupae were worker-laid. We conclude that workers with active ovaries lay their 
eggs, but these rarely survive to pupation because of intense policing. We then used our 
findings as well as previously published data on A. cerana and A. mellifera to redo the 
meta-analysis on which reproductive acquiescence theory is based. Including data on 
both species did not affect the relationship between effectiveness of policing and levels 
of worker reproduction. Their inclusion did, however, seriously weaken the relationship 
between relatedness among workers and levels of worker reproduction. Our work thus 
suggests that relatedness among workers does not affect the probability that workers 
will attempt to reproduce, but that it is coercion by peers that limits worker 
reproduction. 
Keywords: Apis cerana, policing, reproductive acquiescence, reproductive parasitism 
Introduction 
A key requirement of a functional society is cooperation between the individuals that 
comprise it (Bourke, 2011, Queller, 1997). However, because the interests of an 
individual within a society may not be the same as that of the collective entity, there is 
potential for conflict (Bourke, 2011, Maynard Smith and Szathmary, 1995, Strassmann 
and Queller, 2010). Indeed, individuals often act selfishly under the assumption that the 
other members of the society will not (Hardin, 1968), which can lead to widespread 
selfish behaviour that is ultimately detrimental to the society as a whole (Hardin, 1968). 
As a result, systems of policing that limit selfish behaviour are usually necessary for 
societies to function. 
Insect colonies provide some of the best examples of conflict and cooperation, and 
reveal how conflict is resolved in the interests of the society (reviewed in Ratnieks et 
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al., 2006). A key feature of many if not most insect societies is reproductive division of 
labour, in which queens dominate reproduction, while workers are functionally sterile 
(Bourke, 1988, Oster and Wilson, 1978). While workers of many species are capable of 
laying eggs that can develop into fully-functional males, workers usually forego 
reproduction in the presence of their queen (Bourke, 1988). This ‘altruistic’ behaviour is 
explained by inclusive fitness theory (Hamilton, 1964a, Hamilton, 1964b), which argues 
that a worker’s inclusive fitness can be enhanced by refraining from personal 
reproduction and increasing the reproductive output of her mother (Bourke, 2011). 
Further, in colonies with a multiply-mated queen, workers are on average more related 
to the sons of the queen than to sons of their sisters (reviewed in Ratnieks et al., 2006). 
As a result, while an individual worker will always prefer her own sons over those of 
either the queen or her sister workers, the collective workers prefer the sons of the 
queen over sons of their sisters (reviewed in Ratnieks et al., 2006). This relatedness 
asymmetry favours the evolution of group-level mechanisms that limit worker 
reproduction (Ratnieks, 1988, Ratnieks and Visscher, 1989).  
The colony-level mechanisms for controlling selfish reproductive behaviour by workers 
are generally referred to as ‘policing’: any behaviour of either queens or workers that 
reduces the reproductive output of other workers (Ratnieks, 1988). This includes 
physical harassment of reproductive workers (Foster and Ratnieks, 2001b, Monnin and 
Ratnieks, 2001, Sakagami, 1954, Visscher and Dukas, 1995, Dampney et al., 2002), 
and, more commonly, the selective removal of worker-laid eggs (Endler et al., 2006, 
Foster and Ratnieks, 2001b, Ratnieks and Visscher, 1989).  In the presence of effective 
policing, attempts to lay eggs are futile, resulting in functional worker sterility 
(Wenseleers et al., 2004a, Wenseleers et al., 2004b). Thus, effective worker policing 
removes the incentive for workers to lay eggs (Wenseleers et al., 2004a, Wenseleers et 
42 
 
al., 2004b) and resolves the reproductive conflicts that are inherent to the kin structure 
of haplo-diploid insect colonies (Bourke, 2011, Ratnieks and Reeve, 1992). The 
hypothesised route to the evolution of near-complete worker-sterility via policing has 
been termed the evolution of ‘reproductive acquiescence’ (Wenseleers et al., 2004a, 
Wenseleers et al., 2004b). 
The strongest evidence for reproductive acquiescence comes from a comparative 
analysis of the association between policing and worker reproduction (Wenseleers and 
Ratnieks, 2006b, Wenseleers and Ratnieks, 2006a). This analysis suggested a highly 
significant negative association between the effectiveness of policing and the frequency 
of worker reproduction across taxa. For example, the Western honeybee Apis mellifera 
has highly effective policing (Ratnieks and Visscher, 1989); colonies containing a 
queen have very few or no workers with activated ovaries (Ratnieks, 1993) and very 
low frequency of worker-produced males (Visscher, 1989, but see Holmes et al., 
2013a). In contrast, the paper wasp Polistes chinensis has a relatively inefficient 
policing system and worker reproduction is widespread (Suzuki, 1998, Tsuchida et al., 
2003). 
Despite the general association between efficient worker policing and functional worker 
sterility (Wenseleers et al., 2004a, Wenseleers et al., 2004b), the Eastern honeybee, A. 
cerana, appears to be an important exception. Like other Apis species, including A. 
mellifera (Ratnieks and Visscher, 1989) and A. florea (Halling et al., 2001), A. cerana 
has a highly effective policing system by which worker-laid eggs are removed, and no 
worker-laid male has ever been found in an A. cerana colony with a queen (Oldroyd et 
al., 2001a). However, despite effective policing, the frequency of ovary activation 
among workers in queenright colonies is high, between 1% and 6% (Nanork et al., 
2007a, Oldroyd et al., 2001a, Tan et al., 2009, Bai and Reddy, 1975). This paradox 
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suggests two possibilities: (1) A. cerana workers with active ovaries simply do not lay 
their eggs, and therefore have functional but not physiological ‘acquiescence’, or (2) 
policing is highly efficient in preventing successful worker reproduction, yet has not led 
to stable ‘acquiescence’ of A. cerana workers.  
Here, we determine whether or not workers with active ovaries actually lay their eggs, 
and further explore the efficiency of policing in A. cerana colonies. We also include a 
meta-analysis of the Wenseleers and Ratnieks (2006b) study including our A. cerana 
data, as well as data from both A. cerana and A. mellifera that have either been 
published since Wenseleers and Ratnieks (2006b) or were not included in their original 
analysis. 
Materials and methods 
Do A. cerana workers with active ovaries lay their eggs? 
Experiments were performed on the campus of Yunnan Agricultural University, 
Kunming, China, from March to May 2011. We utilized four A. cerana colonies (1-4) 
headed by naturally-mated queens. To allow identification we paint-marked queens 
(Posca Paint Pens, Mitsubishi Pen Co., Japan). Colonies were housed in standard 
Langstroth boxes and contained 4-5 frames of food and brood. All colonies contained 
both drone and worker comb (ie. the larger brood cells used for rearing drones and the 
smaller cells used for rearing workers), and were actively rearing drones throughout the 
course of the experiment. 
Experiments commenced on March 14, 2011. We removed all drone brood from the 
drone cells of each colony, retaining a sample of about 100 (or all present) drone pupae 
from each. We also collected 50-100 worker pupae to infer the queen’s genotype, and 
100-200 adult workers from each colony for dissection.  
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We inspected drone combs for eggs every 1-2 days, and noted the presence of the queen 
at each inspection. New drone eggs first appeared on March 21 in Colony 1 and on 
April 4 for Colonies 2-4. When eggs appeared in a drone comb we transferred the drone 
comb to an incubator at 35°C for 24 hours to increase the amount of DNA present in the 
eggs. Eggs were then stored in 70% ethanol for subsequent genotyping. We continued 
collecting eggs until May 23, by which time we had at least 200 drone eggs from each 
colony. After May 23 we allowed eggs to mature into pupae, which we then collected 
for genotyping.  
Colony 1 lost its queen on March 28 and so no subsequent samples were collected. 
Colony 2 lost its queen on May 9 and no further samples were collected. No worker 
sample was collected from Colony 3 on May 9 as the colony was too weak to sample at 
this time. We collected a second sample of drone pupae from Colonies 2-4 on May 23. 
We conducted dissections as in Oldroyd et al. (2001a) and scored ovaries either as 
active (eggs present) or inactive (eggs absent). We used χ2 tests to compare the 
proportion of workers with and without activated ovaries between colonies and over 
time. 
Policing 
We wished to confirm the effectiveness of policing in the population and the colonies 
that we sampled. We examined the intensity of policing in both worker-sized and drone-
sized cells. In August 2011 we therefore selected four A. cerana colonies, all of which 
were headed by a naturally mated, laying queen, and were producing drones at the time. 
For each colony, a brood comb consisting of both worker- and drone-sized cells was 
selected for use in the assay. We obtained worker-laid eggs by removing queens from 
two colonies and removing all queen cells, thereby creating colonies without queens and 
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without the ability to raise a new one, in which egg-laying workers were active. Queen-
laid eggs were obtained from combs from five source colonies containing a queen; none 
of our discriminator colonies received eggs from the same source colony in consecutive 
assays. Because egg production was low in both queenless and queenright source 
colonies it was necessary to collect both queen- and worker-laid eggs from both drone 
and worker cells. However, as a previous study (Oldroyd and Ratnieks, 2000) showed 
that there is no difference in removal rates of haploid and diploid eggs, we are confident 
that egg maternity and cell size of test combs were the only factors influencing our 
results. 
We conducted standard policing assays (Oldroyd et al., 2001a, Ratnieks and Visscher, 
1989) for both worker- and drone-sized cells in all four discriminator colonies. Several 
rows of worker and drone cells were selected from each test frame; the position of these 
cells was recorded using an acetate sheet. In each test frame, we placed 20 queen-laid 
and 20 worker-laid eggs in adjacent cells in both the worker- and drone-sized cells so 
that 80 eggs in total were transferred to each test frame. A row of cells immediately 
adjacent to each row containing transferred eggs was left empty to test for possible 
oviposition in the test combs during the experiment. We removed any eggs remaining 
from the previous trial before a test comb was reused. 
After all eggs had been transferred, we returned the test combs to their hives. We then 
determined the number of transferred eggs remaining in each test comb at 2, 4, 6 and 24 
hours after reintroduction. We performed seven assays on alternate days for each 
colony. 
Data were recorded as the proportion of eggs remaining at each inspection. We 
normalized data using an arcsine√x transformation (Fowler et al., 1998) and we used 
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repeated measures ANOVAs to analyse the effects of egg source (worker-laid or queen-
laid), cell size (drone or worker) and time in hours on egg survival. Cell size and egg 
source were the between-subject effects and time in hours was the within-subject effect. 
To ensure there was no effect of discriminator colony or day, we also performed 
repeated measures ANOVAs with cell size and colony and egg maternity and colony as 
the between-subject effects and time as the within-subject effect. To test whether the 
assumption of sphericity (equality of the variances of the differences between levels of 
the repeated measures factors) had been violated, we performed Mauchly’s test for each 
ANOVA. 
Genotyping of samples 
We used a Chelex extraction method (Walsh et al., 1991) to extract genomic DNA from 
eggs, pupae and adult workers. For adults and pupae, DNA was extracted from 1-2 hind 
legs in 400µL 5% Chelex solution. For eggs, DNA was extracted from the entire egg in 
50µL 5% Chelex solution. DNA from each individual was amplified at the following 
microsatellite loci: Ac1, Ac2, Ac3, Ac30 and Ac35 (Takahashi et al., 2009) in two 
polymerase chain reactions (multiplex 1: Ac1/Ac3/Ac35, multiplex 2: Ac2/Ac30) using 
standard PCR conditions (Estoup et al., 1994). Genotypes were scored as in Holmes et 
al. (2010). 
Non-detection error 
We constructed consensus genotypes for the queens of each of our colonies from the 
genotypes of 24 worker pupae (Oldroyd et al., 2000) collected from each colony at the 
outset of the experiment. If a male egg or pupa was missing a queen allele at one or 
more loci it was classified as worker-laid. If it carried a queen allele at all loci, it was 
classified as queen-laid. However, these individuals could have been laid by a worker if 
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the queen mated with a male that carried the same allele as one of hers at all loci 
examined. The probability of this non-detection (PND) is: 
PND = ∏
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where n is the number of loci examined, pik is the relative frequency of the queen’s first 
allele at the kth locus in the population and pjk is the relative frequency of the queen’s 
second allele at the kth locus in the population (Halling et al., 2001, Oldroyd et al., 
2001a). To estimate the frequency of non-detection error, we obtained estimates of 
population allele frequencies by determining the paternal allele at each locus for 86 to 
95 workers at each locus. We then estimated the probability of incorrectly classifying a 
worker-laid male egg as being queen-laid due to the queen having mated with a male 
that shared the same allele at all loci. Overall, the average probability of non-detection 
across all four colonies was 15.6%. 
In order to gain an unbiased estimate of the proportions of worker-produced eggs and 
pupae, we used PND to calculate the number of assignable males (Na) in our data set: 
Na = Σ[(1 – PND)Nj]                                                  Eqn. 2 
where Nj is the number of males analysed in the jth test (Foster et al., 2001).  
Estimation of policing effectiveness 
Effectiveness of policing (E) in A. cerana was calculated according to Wenseleers and 
Ratnieks (2006b) in two ways: first, by comparing the survival of worker-laid eggs to 
queen-laid eggs in our policing assays: 
E = 1 – (w/q)                                                     Eqn. 3 
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where w is the proportion of worker-laid eggs surviving after 24 hours and q is the 
proportion of queen-laid eggs surviving after 24 hours (Wenseleers and Ratnieks, 
2006b). The second method involved comparing the proportion of eggs laid by workers 
to the proportion of pupae that were sons of workers: 
E = 1 – (a/e)[(1 – e)/(1 – a)]                                        Eqn. 4 
where a is the proportion of male pupae that were sons of workers and e is the 
proportion of male eggs that were sons of workers (Wenseleers and Ratnieks, 2006b). 
We then averaged the results of these two analyses to gain a final estimate of policing 
effectiveness in A. cerana. 
Statistical analyses of worker reproduction, policing effectiveness and average worker 
relatedness 
As in Wenseleers and Ratnieks (2006b), data was analysed using raw correlations 
wherein each species was a separate data point, and using phylogenetically independent 
contrasts (PICs), which were calculated from the difference in response and predictor 
variables across species pairs that shared a higher common ancestor. As in Wenseleers 
and Ratnieks (2006b), key predictor variables were effectiveness of policing and 
relatedness among workers, while the response variable was the untransformed 
proportion of reproductive workers. PICs were calculated using the R statistics package. 
Results 
Do A. cerana workers with active ovaries lay their eggs? 
We collected 1005 male eggs, of which 945 (94%) were successfully genotyped. Of the 
assignable males, 30 (3.8%) were worker-laid (Table 1). However, all of these worker-
laid eggs were found in Colony 4 (Figure 1). On average, 11.3% of the male eggs  
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Table 1. Number of worker-produced male eggs and pupae and total number of 
assignable males for each colony. Percentages are calculated as (no. worker-produced 
males detected/Na) x 100. 
 Eggs  Pupae  
 No. worker produced (%) Na No. worker produced (%) Na 
Colony 1 0 (0) 112.3 0 (0) 81.0 
Colony 2 0 (0) 206.8 0 (0) 109.7 
Colony 3 0 (0) 194.1 5 (3.8) 131.7 
Colony 4 30 (10.5) 284.4 0 (0) 128.3 
Total 30 (3.8) 797.6 5 (1.1) 450.7 
 
 
Figure 1. Percentage of workers with active ovaries relative to the total workers 
sampled, worker-laid drone pupae relative to the drone pupae sampled and worker-laid 
eggs from the eggs sampled from drone cells for each colony. Data are averaged over 
the sampling dates. Numbers above the columns indicate the number of individuals 
dissected (workers) or genotyped (pupae and eggs) from that colony. Ovary activation 
rates were significantly higher in Colony 3 than in the other three colonies (χ2; P < 
0.001). Worker-laid pupae were found only in Colony 3, while worker-laid eggs were 
found only in Colony 4. Error bars denote standard error of the mean. 
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collected from Colony 4 each week were worker-laid (Figure 1). We also genotyped 
534 drone pupae of which 5 (1.1% of assignable males) were worker-laid (Table 1). All 
of these individuals came from Colony 3 (Figure 1) and were found in the May sample 
taken at the end of the experiment. On average, 8.3% of the drone pupae in this colony 
were worker-produced (Figure 1). 
In total, we dissected 4181 workers from the four colonies. Of these, 490 (11.7%) had 
eggs in their ovaries. The frequency of ovary activation varied significantly between 
colonies, but did not vary significantly across time (Figure 1, Table 2-3). In colonies 1, 
2 and 4, about 5% of workers had eggs in their ovaries (Figure 1). In Colony 3, 21.7% 
of workers had activated ovaries, significantly higher than in the other colonies (Figure 
1, Table 3). At one sampling, 39% of workers in Colony 3 had activated ovaries. 
Policing 
Worker-laid eggs were removed significantly faster than queen-laid eggs in both cell 
types (P < 0.001, Table 4). However, removal rates of both egg types were significantly 
higher in the drone-sized cells (P = 0.032, Table 4) (Figure 2). The interaction between 
egg maternity and cell-type was not significant (P = 0.318, Table 4). The proportion of 
eggs removed was not significantly affected by the discriminator colony, nor by the day 
of trial (see Tables S1 and S2 in our Supplementary Information). 
Estimation of policing effectiveness 
Using Method 1 described in Wenseleers and Ratnieks (2006b), we found that removal 
rates of worker-laid eggs relative to queen-laid eggs were slightly higher in drone cells 
(96.77%) compared with worker cells (93.46%) (Table 5). Using Method 2 (Wenseleers 
and Ratnieks, 2006b), the estimation of policing effectiveness was much lower at 
71.27% (Table 5).  
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 Table 2. χ2 tests of the whether the proportion of workers with and without activated 
ovaries varied between colonies in each week of the experiment. Colony 1 lost its queen 
after March 28th and was not sampled from thereafter. Likewise, Colony 2 lost its queen 
after May 9th and was not sampled from thereafter. Colony 4 was added to the 
experiment on April 4th. No sample was collected from Colony 3 on May 9th as the 
colony was too weak to sample from at this time. Ovary activation varied significantly 
between the colonies at each sampling date. There was no significant heterogeneity 
between each sampling interval. 
Sampling Date χ2 df P 
14/03/2011 85.945 2 <0.001 
21/03/2011  77.496 2 <0.001 
28/03/2011 52.111 2 <0.001 
04/04/2011 67.231 2 <0.001 
11/04/2011 31.186 2 <0.001 
18/04/2011 10.010 2 0.007 
25/04/2011 8.927 2 0.012 
02/05/2011 7.440 2 0.024 
09/05/2011 0.521 1 0.470 
16/05/2011 0.116 1 0.733 
χ2 of Total 321.476 3 <0.001 
Total of χ2 340.983 18 <0.001 
Heterogeneity 19.507 15 0.192 
 
Table 3. χ2 tests of whether the proportion of workers with and without activated 
ovaries varied across weeks. Colony 1 lost its queen after March 28th and was not 
sampled from thereafter. Likewise, Colony 2 lost its queen after May 9th and was not 
sampled from thereafter. Colony 4 was added to the experiment on April 4th. No sample 
was collected from Colony 3 on May 9th as the colony was too weak to sample from at 
this time. Ovary activation varied significantly in Colony 3 only. There was significant 
heterogeneity between the colonies. 
Colony χ2 df P 
Colony 1 2.266 2 0.322 
Colony 2  18.919 8 0.015 
Colony 3 84.944 8 <0.001 
Colony 4 16.568 7 0.020 
χ2 of Total 80.771 9 <0.001 
Total of χ2 122.697 25 <0.001 
Heterogeneity 41.926 16 <0.001 
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Table 4. Repeated measures ANOVA on the effect of egg maternity (worker- or queen-
laid), cell type (worker- or drone-sized) and time in hours on the proportion of eggs 
surviving in the discriminator colonies. The assumption of sphericity was violated 
(Mauchly’s test: W = 0.177, χ25 = 18.542, P = 0.002), so results are reported with the 
Greenhouse-Geisser correction to the degrees of freedom. All data have been 
transformed with the arcsine√x transformation. 
Source df MS F P 
     
Between subjects     
Egg maternity (M) 1 2.770 47.647 <0.001 
Cell type (C) 1 0.342 5.882 <0.032 
M x C 1 0.063 1.084 <0.318 
Error 12 0.058   
     
Within subjects     
Time 1.909 0.327 93.034 <0.001 
T x M 1.909 0.020 5.637 <0.011 
T x C 1.909 0.016 4.520 <0.023 
T x M x C 1.909 <0.001 0.090 <0.907 
Error 22.902 0.004   
 
Table 5. Effectiveness of policing in different cell types calculated according to 
Wenseleers and Ratnieks (2006b). Since Equation 4 does not take cell-type into 
account, the overall value was used to calculate the average policing effectiveness for 
drone and worker-cells. Data in this table is from this study only and does not include 
the data of Oldroyd et al. (2001) and Nanork et al. (2007a) (see Supplementary 
Information for details of our meta-analysis). 
Cell-type Using Eqn. 3 Using Eqn. 4 Average  
Drone 96.77% NA 84.02% 
Worker 93.46% NA 82.37% 
Overall 94.50% 71.27% 82.89% 
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Figure 2. Overall proportion of eggs remaining at each inspection. Data are pooled for 
all days and averaged across the four colonies. In both cell types worker-laid eggs are 
removed significantly faster than queen-laid eggs (Repeated Measures ANOVA, P < 
0.001). However, both worker-laid and queen-laid eggs are removed significantly faster 
in drone cells compared with worker cells (Repeated Measures ANOVA, P = 0.032). 
Raw proportions were transformed with an arcsin√x transformation. 
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Wenseleers and Ratnieks (2006b) only used studies that examined policing efficiency in 
drone-sized cells in A. mellifera in their analyses, so we only used the value for drone-
sized cells (96.77%; Table 5) as our estimate for Method 1 in our meta-analysis of 
Wenseleers and Ratnieks (2006b) (see Supplementary Information). When we included 
data from policing bioassays as well as parentage from this as well as previous studies 
(Nanork et al., 2007a, Oldroyd et al., 2001a), we found that A. cerana has an overall 
policing effectiveness (the average of the two methods) of 90.75% (Table S3, 
Supplementary Information). Similarly, including new data from A. mellifera (Holmes 
et al., 2013a) resulted in an average policing effectiveness of these two methods of 
96.07% for this species (Table S3, Supplementary Information). 
Discussion 
Reproductive acquiescence theory (Wenseleers et al., 2004a, Wenseleers et al., 2004b) 
predicts that when policing of worker-laid eggs is highly effective, workers are selected 
to stop producing eggs. Our policing assays suggested that A. cerana has efficient 
policing of drone-sized cells (96.77%, Table 5). However, the presence of worker-
produced drone pupae suggests that the overall policing efficiency is actually lower 
(90.75%, Table S3 in our Supplementary Information).  
In species with effective policing (ie. virtually no adult drones are worker-produced), 
the evolutionarily stable strategy (ESS) proportion of laying workers is expected to be 
zero (see Fig 2a in Wenseleers et al (2004a)). However, as soon as the effectiveness of 
policing becomes significantly smaller than 100%, the ESS proportion of laying 
workers shifts to 56% in species in which the queen mates with a large number of 
males, as is the case in Apis (Palmer and Oldroyd, 2000, Oldroyd et al., 1998, Oldroyd 
et al., 1997), so that workers have a relatedness of about 0.30 (Oldroyd et al., 1997). In 
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addition, in large colonies the reduction in colony-level productivity as a result of a 
single reproductive worker is vanishingly small (Wenseleers et al., 2004a). Thus, 
without effective policing Apis workers, or workers of any social insect with similar 
queen mating-frequency and colony size, are not predicted to evolve acquiescence. For 
both methods used to calculate effectiveness of policing, estimates were lower for A. 
cerana than for A. mellifera (Table S3, Supplementary Information). Thus the higher 
levels of ovary activation in A. cerana compared with A. mellifera are expected based 
on reproductive acquiescence theory. 
Wenseleers and Ratnieks (2006b) examined the relationship between the proportion of 
reproductive workers typical of a species, and the two most crucial parameters affecting 
the ESS: the effectiveness of policing and average relatedness amongst workers. They 
used both raw correlations and phylogenetically independent contrasts (PICs) to analyse 
these relationships (Wenseleers and Ratnieks, 2006b). Wenseleers and Ratnieks (2006b) 
argued that if workers refrain from reproducing voluntarily because it reduces the 
overall inclusive fitness, species in which workers are highly related should have low 
rates of worker reproduction relative to species in which workers are less related. 
Conversely, they argued that if workers evolve to refrain from reproduction because it is 
futile in the face of policing by the collective workers, there should be a negative 
association between the effectiveness of policing and worker reproduction. Based on an 
analysis of the 10 species available at the time of their analysis, Wenseleers and 
Ratnieks (2006b) concluded that it is policing and not high relatedness that drives the 
evolution of worker sterility in social insects (Figure 3).  
In the time since Wenseleers and Ratnieks (2006b) published their findings, several 
studies on worker reproduction and policing have been published, both on A. cerana 
and A. mellifera. In addition to the work presented here, Nanork et al. (2007a) and 
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Oldroyd et al. (2001a) published data on the frequency of ovary activation in A. cerana 
colonies with a queen, while Oldroyd et al. (2001a) also investigated the parentage of 
drone pupae in A. cerana colonies with a queen. Additionally, a long-term study on 
worker reproduction in A. mellifera has shown that worker reproduction in A. mellifera 
is far more widespread than previously thought (Holmes et al., 2013a). We therefore re-
analysed the dataset originally used by Wenseleers and Ratnieks (2006b) including data 
on A. cerana and expanding the data on A. mellifera to include that of Holmes et al. 
(2013a). The inclusion of the new data weakens the formerly strong positive correlation 
between average relatedness and worker reproduction (for details of analysis, see 
Supplementary Information) (Figure 3c), but the positive relationship between policing 
and low worker reproduction remains highly significant (Figure 3a). It is important to 
note that the positive relationship between worker reproduction and relatedness is 
largely dependent on a single data point: Polistes chinensis. P. chinensis queens mate 
with a single male (Tsuchida et al., 2003), resulting in highly related workers. Worker 
reproduction is high and policing is ineffective (Suzuki, 1998, Tsuchida et al., 2003). 
However, P. chinensis is the only monandrous species included in the Wenseleers and 
Ratnieks (2006b) dataset. If we remove P. chinensis from the analysis, the relationship 
between effectiveness of policing and worker reproduction is weaker (Pearson R = -
0.69, P = 0.014, using PICs F(1,8) = 11.84, P = 0.009), while the relationship between 
relatedness and worker reproduction disappears altogether (Pearson R = 0.47, P = 0.087 
using log10-transformed percentage of reproductive workers, using PICs F(1,8) = 
0.0003, P = 0.987). Although not quantified, we know that policing occurs in other 
monandrous species, including the bumblebee Bombus terrestris (Zanette et al., 2012) 
and ants Camponotus floridanus (Endler et al., 2004) and Pseudomyrmex gracilis 
(Schmid et al., 2013), despite the fact that relatedness among workers is high in these  
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Figure 3. Effect of sanctions and relatedness among workers on the percentage of 
workers that become reproductively active. Figure (a) shows the strong negative 
correlation between the effectiveness of policing and percentage of reproductive 
workers, which still occurs when our A. cerana data is included (Pearson R = -0.94, P = 
0.00002, using PICs F(1,9) = 90.37, P = 0.000005). Figure (b) shows the original data 
from Wenseleers et al (2006b). The relationship is similar even without data from A. 
cerana (Pearson R = -0.94, P = 0.00004, using PICs P = 0.000006), suggesting that 
altruism is enforced. Figure (c) reveals a weakened positive correlation between 
relatedness and percentage of reproductive workers when A. cerana is included 
(Pearson R = 0.57, P = 0.035, using PICs F(1,9) = 3.980, P = 0.077) compared with the 
original data (d) from Wenseleers et al (2006b) (Pearson R = 0.82, P = 0.004, using 
PICs P = 0.04). For (c) and (d) the percentage of reproductive workers is log10-
transformed for linearity.  
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species and thus genetic conflict is lower. Moreover, policing is still required to limit 
worker reproduction in the parthenogenetic ants Plathyrea punctata (Hartmann et al., 
2003) and Cerapachys biroi (Teseo et al., 2013) despite the fact that genetic conflicts 
are rare or absent in these species due to clonality. These observations show that to 
really understand the effect of genetic conflict on policing and worker reproduction in 
social insects, we need to expand the Wenseleers and Ratnieks (2006b) dataset to 
include more monandrous and parthenogenetic species. 
If A. cerana’s high levels of ovary activation can be explained by slightly less efficient 
policing than A. mellifera, then what causes policing to be less effective? Nanork et al 
(2007b) suggested that A. cerana may have undergone an ‘episode of revolution’ 
(Wenseleers et al., 2004b) in which there was a punctuated change in the egg-marking 
cues that allow A. cerana workers to distinguish queen-laid eggs from worker-laid eggs. 
Nanork et al (2007b) based their idea of an episode of revolution on the observation that 
A. mellifera can distinguish worker- and queen-laid eggs of A. florea, which is 
phylogenetically distant from A. mellifera (Arias and Sheppard, 2005, Engel and 
Schultz, 1997, Lo et al., 2010, Raffiudin and Crozier, 2007), but cannot make this 
distinction between the eggs of A. cerana, to which it is phylogenetically closer than A. 
florea (Arias and Sheppard, 2005, Engel and Schultz, 1997, Lo et al., 2010, Raffiudin 
and Crozier, 2007). Nanork et al (2007b) suggest that this change in egg-marking 
pheromone must have occurred in relatively recent evolutionary history. If so, the 
transition in egg-marking cues may have provided A. cerana workers with a temporary 
respite from effective policing, and thereby relaxed selection for self-restraint. The fact 
that worker-produced drone pupae and adults are rarely found in A. cerana colonies 
with queens (Oldroyd et al., 2001a; this study) suggests that policing is now mostly 
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effective in A. cerana. Thus, we suggest that although policing has caught up with the 
change in egg-marking pheromone, the workers are yet to acquiesce.  
How different is A. cerana to A. mellifera? In a recent study re-evaluating worker 
reproduction in A. mellifera, Holmes et al. (2013a) found that some subfamilies in A. 
mellifera colonies appear to be specialised reproductive parasites, or ‘anarchists’. These 
workers lay eggs that evade policing, and time their reproductive attempts to coincide 
with reproductive swarming, when drones are most valuable. Interestingly, Holmes et 
al. (2013a) rarely found workers with active ovaries that belonged to these specialised 
patrilines, suggesting that they are rare within colonies despite their significant 
contribution to drone production. It is also known that ‘rebel’ workers within A. 
mellifera activate their ovaries in response to cues within the colony such as 
reproductive swarming (Holmes et al., 2013a, Woyciechowski and Kuszewska, 2012), 
but that the vast majority of eggs laid by these ‘rebels’ do not survive to pupation 
(Holmes et al., 2013a). Perhaps the extreme levels of ovary activation observed in 
Colony 3, as well as the presence of worker-laid pupae despite the absence of worker-
laid eggs, result from a similar phenomenon as the ‘anarchist’ and ‘rebel’ workers found 
in A. mellifera. As the tendency for workers to become ‘anarchistic’ is likely to have a 
genetic component (Montague and Oldroyd, 1998), the contribution of ‘rebels’ and 
‘anarchists’ to reproduction varies among colonies (Holmes et al., 2013a). This would 
explain why we only observed this behaviour in one of our four colonies. It is tempting 
to speculate that this phenomenon in A. mellifera may be indicative of a similar ‘episode 
of revolution’ as that which may have occurred in A. cerana.  
Even though honeybee workers are able to distinguish worker-laid eggs from queen-laid 
eggs based on cues that are intrinsic to the egg (Beekman and Oldroyd, 2005, Ratnieks, 
1995), their ability to do so is subject to error, and these errors incur colony-level costs. 
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First, if worker-laid eggs are mistakenly reared, the collective workers suffer a small 
decline in their inclusive fitness. Conversely, if the threshold for removal is so low that 
workers erroneously remove some queen-laid eggs, the colony will suffer the cost of 
reduced numbers of fertilized queen-laid eggs (Wattanachaiyingcharoen et al., 2002). 
The relative costs of these two errors determines the optimal threshold for egg removal 
by policing workers. Moreover, the cue threshold at which an egg is rejected as being 
worker-laid is likely to be plastic and influenced by environmental factors including 
food supply, colony size and whether the colony is about to swarm (Ratnieks, 1993, 
Holmes et al., 2013a). We have shown here that there is variability among A. cerana 
colonies in the proportion of worker-laid eggs that they rear (Figure 1), and worker 
reproduction in A. mellifera is now known to be more common than previously thought 
(Holmes et al., 2013a). This indicates that policing in Apis is sometimes permissive, 
thus providing the occasional opportunity for worker reproduction and delaying the 
evolution of complete acquiescence. 
Any breakdown in the effectiveness of policing, however brief, selects for selfish 
behaviour. In the naked mole-rat, Heterocephalus glaber, all female individuals are 
capable of taking on the role of the dominant breeder (Faulkes et al., 1990, Jarvis, 
1981). The queen polices reproduction among subordinate females by acting 
aggressively towards reproductive individuals (Clarke and Faulkes, 2001). However, 
once the queen is heavily pregnant, her reduced agility means that she can no longer 
effectively police her workers (Westlin et al., 1994). As a result of the reduced policing 
pressure, the workers become reproductive (Westlin et al., 1994). In humans, the mere 
presence of a police force does not necessarily limit crime; certainty of punishment 
must reach a critical point before this effect can be observed (Tittle and Rowe, 1974). 
Moreover, it has been shown that there is a negative correlation between policing effort 
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and crime-rates in human societies (Kummerli, 2011). A well-known example of 
increased selfish behaviour in the sudden absence of a police force is the 1969 police 
strike in Montreal, Canada (Pinker, 2011). Despite Montreal’s reputation as one of the 
world’s safest cities, within hours of the strike’s onset, a multitude of crimes, including 
robberies, arson, lootings, and murder, took place (Pinker, 2011). In honeybees, 
policing is known to breakdown in the wake of sudden and permanent queen loss, as 
worker reproduction is the colony’s only reproductive option in this instance (Bourke, 
1994, Miller and Ratnieks, 2001). A. cerana workers begin oviposition rapidly after 
queen loss, often after just a few days (Nanork et al., 2007a), whereas A. mellifera 
workers may take 3-5 weeks (Miller and Ratnieks, 2001). Perhaps queenless A. cerana 
colonies curtail policing more rapidly after queen loss than A. mellifera, allowing them 
to oviposit sooner. Additionally, queenless A. cerana colonies are known to be highly 
vulnerable to reproductive parasitism by workers from other colonies (Nanork et al., 
2007a), so it is also possible that reproductive workers in colonies containing a queen 
activate their ovaries in preparation for parasitising queenless nests. Even so, the 
presence of these reproductive workers places additional pressure on the police force in 
these colonies. Thus, it seems that A. cerana colonies constantly live on the edge of 
reproductive strife; if workers have active ovaries even when a queen is present, they 
will be poised to immediately exploit any sudden breakdown of policing. 
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Supplementary Information 
Analyses of effect of colony and day of trial on egg removal rates in our policing 
assay 
Supplementary Table S1. Repeated measures ANOVA on the effect of discriminator 
colony on egg maternity (worker- or queen-laid) and cell type (worker- or drone-sized) 
and time in hours on the proportion of eggs surviving in the discriminator colonies. The 
assumption of sphericity was violated for both egg maternity (Mauchly’s test: W = 
0.061, χ25 = 18.757, P = 0.002) and cell type (Mauchly’s test: W = 0.103, χ25 = 15.266, 
P = 0.010). Thus, we report results with the Greenhouse-Geisser correction to degrees 
of freedom. All data were transformed using an arcsine√x transformation. 
Source df MS F P 
     
Between subjects     
Egg maternity (M) 1 2.770 32.140 <0.001 
Discriminator (D) 3 0.122 1.414 <0.308 
M x D 3 0.016 0.184 <0.905 
Error 8 0.086   
     
Within subjects     
Time 1.351 0.461 64.724 <0.001 
T x M 1.351 0.028 3.922 0.065 
T x D 4.052 0.006 0.903 0.497 
T x M x D 4.052 0.002 0.282 0.885 
Error 10.806 0.007   
     
Between subjects     
Cell type (C) 1 0.342 0.945 <0.360 
Discriminator (D) 3 0.122 0.337 <0.799 
C x D 3 0.090 0.248 <0.861 
Error 8 0.362   
     
Within subjects     
Time 1.506 0.414 95.633 <0.001 
T x C 1.506 0.020 4.646 <0.040 
T x D 4.517 0.006 1.334 <0.314 
T x C x D 4.517 0.009 2.073 <0.143 
Error 12.044 0.004   
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Supplementary Table S2. Repeated measures ANOVA on the effect of day on egg 
maternity (worker- or queen-laid) and cell type (worker- or drone-sized) and time in 
hours on the proportion of eggs surviving in the discriminator colonies. The assumption 
of sphericity was violated for both egg maternity (Mauchly’s test: W = 0.177, χ25 = 
21.995, P = 0.001) and cell type (Mauchly’s test: W = 0.269, χ25 = 16.692, P = 0.005). 
Thus, we report results with the Greenhouse-Geisser correction to degrees of freedom. 
All data were transformed using an arcsine√x transformation. 
Source df MS F P 
     
Between subjects     
Egg maternity (M) 1 4.875 79.870 <0.001 
Day (A) 6 0.023 0.373 0.884 
M x A 6 0.019 0.308 <0.001 
Error 14 0.061   
     
Within subjects     
Time 1.848 0.615 120.601 <0.001 
T x M 1.848 0.027 5.263 0.014 
T x A 11.086 0.003 0.574 0.833 
T x M x A 11.086 0.002 0.349 0.965 
Error 25.866 0.005   
     
Between subjects     
Cell type (C) 1 0.594 1.619 0.224 
Day (A) 6 0.023 0.062 0.999 
C x A 6 0.019 0.051 0.999 
Error 14 0.367   
     
Within subjects     
Time 1.766 0.643 155.715 <0.001 
T x C 1.766 0.026 6.200 0.008 
T x A 10.598 0.003 0.741 0.687 
T x C x A 10.598 0.005 1.229 0.320 
Error 24.729 0.004   
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Re-analysis of data published in Wenseleers and Ratnieks (2006b) 
We re-analysed the relationships between effectiveness of policing and percentage of 
reproductive workers, and percentage of reproductive workers and average colony 
relatedness as published in Wenseleers and Ratnieks (2006b). We added the following 
data to the original dataset: (1) our data on A. cerana as well as data from previous 
studies on A. cerana (Nanork et al., 2007a, Oldroyd et al., 2001a) that had not been 
included in the original analysis (Wenseleers and Ratnieks, 2006b) and (2) recently 
published data on worker reproduction in A. mellifera (Holmes et al., 2013a). We then 
recalculated the percentage of reproductive workers in A. mellifera and A. cerana 
(Supplementary Table S3) and the effectiveness of policing in both species using the 
two methods used by Wenseleers and Ratnieks (2006b) (Supplementary Table S3). To 
re-analyse the relationships described we used both raw correlations and 
phylogenetically independent contrasts (PICs) as in Wenseleers and Ratnieks (2006b). 
We first re-analysed the data including the new data from A. cerana and A. mellifera, 
and then we re-ran the same analyses but excluded data from Polistes chinensis. 
 
Supplementary Table S3. Effectiveness of policing using the two methods described 
in Wenseleers and Ratnieks (2006b), including new data for A. cerana and A. mellifera. 
All other data are identical to those cited in Wenseleers and Ratnieks (2006b). Method 2 
results for A. mellifera and A. cerana were calculated from the number of assignable 
males, which was estimated using the non-detection errors stated in Holmes et al 
(2013a) and Oldroyd et al (2001a). All other calculations were performed as in 
Wenseleers and Ratnieks (2006b). 
Species Reproductive 
workers (%) 
Relatedness 
among 
workers 
Effectiveness of policing 
   Method 1 Method 2 Average 
Apis mellifera* 0.58% 0.30 98.52% 93.62% 96.07% 
Apis cerana† 7.99% 0.29^ 96.77%‡ 84.72% 90.75% 
Polistes chinensis 32.00% 0.75  41.36% 41.36% 
Vespa crabro 2.80% 0.68 98.02%  98.02% 
Dolichovespula 
media 
5.71% 0.71  92.65% 92.65% 
D. saxonica 11.88% 0.62  87.46% 87.46% 
D. sylvestris 9.29% 0.68 90.33% 94.14% 92.24% 
D. norwegica 7.96% 0.71  94.12% 94.12% 
Vespula vulgaris 1.04% 0.51 100.00% 100.00% 100.00% 
Vespula germanica 1.59% 0.46 100.00%  100.00% 
Vespula rufa 9.17% 0.58 67.05% 77.52% 72.29% 
*Values calculated as in Wenseleers and Ratnieks (2006b) but including data on reproductive workers and proportion of worker-
produced adult males from Holmes et al. (2013a). 
† Values calculated as in Wenseleers and Ratnieks (2006b)but including new data on percentage of reproductive workers (Oldroyd 
et al. (2001a); Nanork et al. (2007a); this study) and proportion of worker-produced males (Oldroyd et al., 2001a; this study). 
^Estimate from Oldroyd et al. (1998). 
‡Estimate of policing efficiency calculated from drone sized cells only, as these are the cells workers are more likely to target. 
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Chapter 4 
 
Honeybee (Apis cerana) guards do not discriminate between robbers and 
reproductive parasites 
Michael J. Holmes, Ken Tan, Zhengwei Wang, Benjamin P. Oldroyd and Madeleine 
Beekman 
A version of this chapter was published in Insectes Sociaux (Vol. 60, pages 265-271) 
Author contributions: MJH and MB designed the research, KT provided colonies and equipment, MJH 
and ZW performed the research, MJH, MB and BPO analysed the data, MJH and MB wrote the paper, 
BPO commented on earlier versions of the paper. 
Abstract 
A hopelessly queenless honeybee colony has only one reproductive option: some 
workers must produce sons before the colony dies. This requires workers to curtail egg-
policing (removal of worker-produced eggs), rendering the colony vulnerable to non-
natal reproductive parasitism. In the Western honeybee, Apis mellifera, guarding 
(prevention of foreign workers from entering a colony) increases in queenless colonies, 
providing a defence against non-natal parasitism. However, in the closely related 
Eastern honeybee A. cerana, queenless colonies appear to be more tolerant of bees from 
other colonies. We presented guards of four A. cerana colonies with three types of 
workers: nestmate returning foragers, non-nestmate returning foragers and non-
nestmates from a laying-worker colony. The latter are likely to have active ovaries, 
allowing us to test whether guard bees can detect which potential invaders are more 
likely to be reproductive parasites. After assessing guards’ reactions, we recaptured test 
bees and dissected them to determine levels of ovary activation. We found that 
nestmates were accepted significantly more frequently than the other two types of 
workers. However, there was no difference in the overall acceptance rates of non-
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nestmate returning foragers and bees from within laying-worker colonies. Additionally, 
ovary-activated workers were no less likely to be accepted than those with inactive 
ovaries. Interestingly, colonies were more accepting of all three types of test bee after 
being made queenless. We conclude that, as has been previously suggested, guarding 
has no specific role in the prevention of non-natal parasitism in A. cerana. 
Keywords: Apis cerana, guard, non-natal parasitism, ovary activation 
Introduction 
A colony of social insects is vulnerable to exploitation by nearby colonies. First, the 
brood and food stores of a nest are potentially valuable food resources. Thus, both inter- 
and intra-specific robbing are widespread among social insects (Wilson, 1971, Free, 
1977, Holldobler and Wilson, 1978). Second, insect colonies are vulnerable to social 
parasitism, in which workers from other nests enter a colony and lay eggs. If the eggs 
are reared, the host colony is exploited because it expends resources on rearing non-
relatives. Colonies of the bumble bee Bombus terrestris, for example, are often 
parasitized by the cuckoo bumble bee Bombus (Psithyrus) vestalis, which kills the host 
colony’s queen. The B. terrestris workers then rear both the B. vestalis progeny and 
those of their lost mother (Kupper and Schwammberger, 1995, Erler and Lattorff, 
2010). Ants are also common victims of social parasitism; inquiline ants live in the 
nests of other species where the host workers rear the inquiline’s progeny as well as 
their own (reviewed in Buschinger, 2009). In more extreme cases, slavery occurs: the 
intruding ants kill the host queen and take over the host colony’s workers and brood, 
which will then rear the parasite’s offspring exclusively (Buschinger, 2009).  
A colony’s major defence against robbery and social parasitism by conspecifics is 
guarding (Butler and Free, 1952, Downs and Ratnieks, 1999, Downs and Ratnieks, 
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2000). In the Western honeybee, Apis mellifera, middle-aged workers are deployed at 
the nest entrance. These ‘guard’ workers approach incoming workers and, if they are 
not of the colony, may expel them (Butler and Free, 1952, Downs and Ratnieks, 1999, 
Downs and Ratnieks, 2000). The guards’ reaction to non-nestmates is context-
dependent, and the probability that a non-nestmate will be rejected depends on the 
prevailing environmental conditions (Downs and Ratnieks, 2000). When forage is 
readily available, colonies may allow 100% of non-nestmates to enter as the likelihood 
of being robbed is low (Downs and Ratnieks, 2000). However, during times of nectar 
dearth when a colony’s food stores are more valuable, guards are much less permissive 
of lost bees and intruders, and repel nearly 75% of non-nestmates (Downs and Ratnieks, 
2000).  
Reproductive parasitism appears to be widespread among eusocial bees (reviewed in 
Beekman and Oldroyd, 2008). In the Brazilian stingless bee Melipona scutellaris, 
queenless colonies can be usurped by queens from unrelated colonies, with as many as 
25% of queens being replaced by a non-natal queen (Wenseleers et al., 2011). More 
commonly, workers act as reproductive parasites, entering non-natal nests and laying 
eggs that produce males. This phenomenon is well described in the bumble bees B. 
terrestris (Lopez-Vaamonde et al., 2004), B. occidentalis and B. impatiens 
(Birmingham et al., 2004) and the honeybees A. cerana (Nanork et al., 2007a) and A. 
florea (Nanork et al., 2005). Exceptionally, in the Cape honeybee, A. m. capensis, 
workers can lay diploid eggs via thelytoky and use this ability to parasitise other 
colonies. In particular, they may lay diploid eggs in queencells, thereby being 
genetically reincarnated as queens (Jordan et al., 2008, Holmes et al., 2010). 
Queenless honeybee colonies are particularly at risk. When a colony loses its queen and 
cannot rear another, its only reproductive option is for workers to activate their ovaries 
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and rear a final cohort of males (Bourke, 1994, Miller and Ratnieks, 2001). However, 
this requires workers to abandon any form of policing that would normally curtail 
selfish behaviour by workers in the presence of a queen, such as the removal of worker-
laid eggs via oophagy (Ratnieks, 1988, Ratnieks and Visscher, 1989, Ratnieks and 
Reeve, 1992) or the physical harassment of reproductive individuals (Sakagami, 1954, 
Visscher and Dukas, 1995). Indeed, queenless colonies of both A. florea and A. cerana 
are infiltrated by non-natal workers, which go on to have disproportionately high 
reproductive success relative to the queenless host workers natal to the colony (Nanork 
et al., 2005, Nanork et al., 2007a). In fact, it appears that queenless colonies are 
specifically targeted by intraspecific parasites (Chapman et al., 2009b). 
In A. mellifera, there is evidence that guarding behaviour, which presumably evolved as 
a defence against robbing, has been co-opted to protect queenless colonies from non-
natal parasites (Chapman et al., 2009a). Guards of both queenless and queenright 
colonies reject significantly more non-nestmates that originate from queenless colonies 
(those more likely to be reproductively active) than non-nestmates that come from 
queenright colonies (Chapman et al., 2009a). Interestingly, the proportion of non-natal 
workers present in a colony decreases after a colony is made queenless (Chapman et al., 
2010a), suggesting that queenless colonies become even better at protecting themselves 
from reproductive parasites. 
In a close relative of A. mellifera, the Eastern hive bee A. cerana, the number of non-
natal workers present similarly decreases once a colony becomes queenless (Nanork et 
al., 2007a).  Like A. mellifera, A. cerana nests in cavities (Oldroyd and Wongsiri, 
2006). It is thus reasonable to assume that guarding plays a role in A. cerana’s defence 
against non-natal parasites following queen loss (Chapman et al., 2008). However, 
Chapman et al. (2008) found that queenless A. cerana colonies are actually slightly 
69 
 
more accepting of non-natal workers than colonies with a queen. Thus, Chapman et al. 
(2008) suggested that guarding in A. cerana protects colonies against robbing by foreign 
workers, but has not been co-opted as a defence against reproductive parasites as in A. 
mellifera (Chapman et al., 2009a). Thus, the mechanisms causing the decrease in non-
natal workers present in queenless A. cerana colonies (Nanork et al., 2007a) remain a 
mystery.  
Potentially, A. cerana workers might use more nuanced cues than the queen’s presence 
when determining whether or not to admit a non-natal worker. In particular, A. cerana 
guards might directly assess the degree of ovary activation of entering workers, and be 
more likely to reject those with active ovaries. A. mellifera workers can detect ovary 
activation in nestmates (Visscher and Dukas, 1995), though this ability is error prone 
(Dampney et al., 2002).   
Here we test the hypothesis that A. cerana colonies use guarding as a defence against 
reproductive parasites. We aimed to determine whether guards of queenright colonies 
are less accepting of bees with active ovaries than those with inactive ovaries, and 
whether queenless colonies are less accepting of bees with active ovaries than 
queenright colonies. 
Methods 
Guarding assays 
We performed our experiments on the campus of Yunnan Agricultural University, 
Kunming, China, in July-August 2011. We kept all colonies in standard Langstroth hive 
boxes. All colonies were headed by a naturally mated, laying queen. Each colony (1-4) 
contained four frames of food and brood covered in workers. Approximately three 
weeks before our experiments, we dequeened two additional A. cerana colonies (5 and 
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6) in order to act as sources of laying workers. To prevent re-queening, we removed all 
queen cells produced in the week following queen removal. To ensure levels of ovary 
activation within our sources of queenless colonies were high enough to commence 
trials, we dissected a sample of 50 workers from colonies 5 and 6 two days before trials 
began. Ovaries were classified as either active (eggs present) or inactive (eggs absent) 
(Oldroyd et al., 2001a). Colonies 5 and 6 had ovary activation rates of 34% and 28% 
respectively. 
Tests of guarding behaviour began on July 31, 2011, using a procedure adapted from 
Chapman et al. (2008). On the morning of each trial, we blocked the entrances of the 
four test colonies and collected approximately 30 returning foragers from each colony 
as they landed on the entrance board. Additionally, we collected approximately 30 
workers from the broodnests of the two laying-worker colonies. We placed the captured 
workers in sealable plastic bags, chilled them on ice so they could walk but not fly and 
paint marked them (Posca Paint Pens, Mitsubishi Pencil Co., Japan), using a different 
colour for each colony. Paint marking was necessary so that we could retrieve tested 
bees for dissection (see further). 
During a trial, each discriminator colony received 10 each of the following types of test 
worker: (a) nestmate returning foragers (NM), (b) non-nestmate returning foragers 
(NNM) and (c) non-nestmates from within laying-worker colonies (LW). Guarding 
behaviour was assessed as follows: we placed a test bee on an extended entrance board 
of the colony and observed the reaction of the guards. If the test bee was bitten, had its 
wings or antennae pulled, was removed from the entrance board, or stung, this bee was 
recorded as ‘rejected’. If the test bee was inspected by one or more workers and 
subsequently ignored or allowed to enter the colony, this bee was recorded as 
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‘accepted’. The test worker was observed for the duration of its interaction with the 
guard bees (1-5 minutes) before it was re-captured for dissection. 
We performed these trials for six days. On the day after the sixth trial, we removed the 
queens from colonies 2 and 4 and confirmed the presence of the queen in the remaining 
two colonies. Over the subsequent week queen cells were removed. Seven days after 
queen removal trials recommenced and continued for a further six days. 
Where possible, after the guards’ reaction had been assessed the test bee was captured 
for subsequent dissection. Captured bees were frozen at -20°C and dissected (Oldroyd et 
al., 2001a). Again, ovaries were classified as either active (eggs present) or inactive 
(eggs absent). 
Statistics 
Data were recorded as the proportion of tested bees that were accepted. Prior to analysis 
we transformed the proportional data using an arcsine√x transformation (Fowler et al., 
1998). Data from the first half of the experiment (Days 1-6) were analysed with a 
Repeated Measures ANOVA using day as the within-subject effect, and origin of test 
bee (NM, NNM or LW) as the between-subject effect. We performed Mauchly’s test for 
sphericity (equal variances of the differences between the levels of the repeated 
measures factors) to ensure that the assumption of sphericity was not violated. We used 
Student Newman-Keuls (SNK) tests to determine if there were any differences in 
acceptance rates between the three types of test bee. For the second half of the 
experiment, when two of the colonies were queenless, we analysed data as above but 
with queenstate of discriminator colony (queenright or queenless) added to the model as 
a between-subject effect. 
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We expected that the vast majority of bees with active ovaries would originate from LW 
colonies, making them necessarily non-natal. We therefore compared the acceptance 
rates of active and inactive bees from colonies 5 and 6 only using χ2-tests. 
Results 
For days 1-6, the origin of the test bees had a significant effect on the proportion 
accepted (Figure 1, Table 1). Post hoc tests showed that NM bees were more likely to 
be accepted than NNM bees and LW bees (SNK: P < 0.05), but there was no significant 
difference between the number of NNM and LW bees accepted (SNK: P = 0.366). This 
suggests that guards did not specifically discriminate against bees that came from laying 
worker colonies. Acceptance rates of all test bees remained stable over the six days 
(Figure 1, Table 1). 
Origin of test bees also had a significant effect on the proportion accepted during days 
7-12 (Figure 2, Table 2). Post hoc tests again showed that NM bees were accepted at 
higher rates than NNM bees and LW bees (SNK: P < 0.05). Once again, post hoc tests 
showed no significant difference in acceptance of NNM and LW test bees (SNK: P = 
0.119). Acceptance rates fluctuated from day to day, but NM bees were always accepted 
at higher rates than NNM and LW bees (Figure 2, Table 2). 
Queenless discriminator colonies accepted significantly higher proportions of test bees 
than queenright colonies (Figure 2, Table 2). Queenless colonies accepted 77.5% (n = 
120) of NM bees, 45.8% (n = 120) of NNM bees and 35.0% (n = 120) of LW bees, 
while queenright colonies accepted 47.5%, 20.8% and 13.3% respectively (n = 120 for 
all three types of test bee) (Figure 2, Table 2).  
We dissected 1039 test bees throughout the experiment, of which 116 had active 
ovaries. 108 of the test bees with active ovaries (93%) originated from colonies 5 and 6  
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Figure 1. Mean number of nestmates (NM), non-nestmate (NNM) returning foragers 
and bees from the broodnests of laying-worker colonies (LW) accepted by guards on for 
days 1-6. Nestmates are accepted at significantly higher rates than both non-nestmate 
and queenless indoor bees (P = 0.026; Table 1). There was no significant difference in 
acceptance between non-nestmates and queenless indoor bees (P = 0.366; Table 1). 
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Figure 2. Mean number of nestmates (NM), non-nestmate (NNM) returning foragers 
and bees from the broodnests of laying-worker colonies (LW) accepted by guards of 
queenless and queenright colonies for days 7-12. Nestmates were accepted at 
significantly higher rates then both non-nestmate and queenless indoor bees (P = 0.003; 
Table 2). There was no significant difference in acceptance between non-nestmates and 
queenless indoor bees (P = 0.119; Table 2). Bees of all types were accepted at 
significantly higher rates by queenless colonies (P = 0.003; Table 2). 
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Table 1. Repeated measures ANOVA on the effect of origin of test bee (nestmate 
returning forager, non-nestmate returning forager or broodnest of a laying-worker 
colony) and day of trial on the proportion of bees accepted in the first half of the 
experiment (Days 1-6). The assumption of sphericity was not violated (Mauchly’s test: 
W = 0.295, χ214 = 8.679, P = 0.862), so results are reported with sphericity assumed. All 
data have been transformed with the arcsine√x transformation. 
Source df MS F P 
     
Between subjects     
Origin 2 1.271 5.642 0.026 
Error 9 0.225   
     
Within subjects     
Day 5 0.102 1.454 0.224 
Day x Origin 10 0.030 0.432 <0.923 
Error (day) 45 0.070   
 
Table 2. Repeated measures ANOVA on the effect of origin of test bee (nestmate 
returning forager, non-nestmate returning forager or broodnest of a laying-worker 
colony) queenstate of discriminator colony (queenright or queenless) and day of trial on 
the proportion of bees accepted in the second half of the experiment (Days 7-12). The 
assumption of sphericity was violated (Mauchly’s test: W = 0.001, χ214 = 28.879, P = 
0.017), so results are reported with the Greenhouse-Geisser correction to degrees of 
freedom. All data have been transformed with the arcsine√x transformation. 
Source df MS F P 
     
Between subjects     
Origin 2 1.607 17.873 0.003 
State 1 1.967 21.882 0.003 
Origin x State 2 0.024 0.271 0.772 
Error 6 0.090   
     
Within subjects     
Day 1.974 0.226 0.894 0.434 
Day x Origin 3.948 0.186 0.734 <0.585 
Day x State 1.974 0.313 1.238 0.324 
Error (day) 11.845 0.253   
 
 
 
 
76 
 
and were therefore non-natal to the guards of all discriminator colonies. We found no 
significant difference between the number of bees with active ovaries accepted and the 
number that were rejected (Table 3). Thus, bees with active ovaries were more likely to 
be rejected because they were non-nestmates, not because they had active ovaries. 
Table 3. To determine if bees were more likely to be rejected if they had active ovaries, 
we compared the acceptance and rejection rates of bees with and without active ovaries 
that originated from the broodnests of laying-worker colonies using χ2-tests. The 
‘Accepted’ column shows the number of bees with active ovaries that were accepted 
from the total number of accepted bees that could be retrieved for dissection. Similarly, 
the ‘Rejected’ column shows the number of active bees that were rejected from the total 
number of rejected bees that were dissected. 
 Accepted Rejected   
 No. active /No. dissected 
(%) 
No. active/No. 
dissected (%) 
χ2 Significance 
Days 1-6 7/24 (29.2) 44/136 (32.4) 0.095 0.758 
Days 7-12 11/46 (23.9) 46/153 (30.1) 0.655 0.418 
Overall 18/70 (25.7) 90/289 (31.1) 1.266 0.261 
 
Discussion 
In Apis mellifera, guards are less tolerant of non-nestmates after the colony has become 
queenless, strongly suggesting that a behavioural adaptation that initially evolved to 
protect the colony’s resources has been co-opted to defend against non-natal parasitism 
(Chapman et al., 2009a). As A. cerana is generally accepted to be a sibling species of A. 
mellifera (Engel and Schultz, 1997, Arias and Sheppard, 2005, Lo et al., 2010), and is 
known to face similar dangers from non-natal parasitism as A. mellifera (Nanork et al., 
2007a, Chapman et al., 2008), we predicted that a similar up-regulation of guarding 
would occur once the colony is queenless. Our data do not support this prediction. 
As in other studies, our colonies always accepted significantly more nestmates than 
non-nestmates (Figures 1 and 2) (Downs and Ratnieks, 1999, Downs and Ratnieks, 
2000, Chapman et al., 2008, Chapman et al., 2009a). However, at no stage in our 
experiment did guards show differential treatment towards non-nestmate returning 
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foragers and non-nestmates from laying worker colonies (Figures 1 and 2), even though 
the latter were more likely to carry eggs in their ovaries, and often did so. This suggests 
that while guards distinguish between nestmates and non-nestmates, any ability to 
detect potential reproductive parasites does not affect their decision to accept or reject a 
non-natal worker. Workers with active ovaries were no less likely to be accepted than 
workers that did not have active ovaries (Table 3), suggesting that workers from the 
laying worker colonies (5 and 6) were rejected primarily because they were non-
nestmates, not because guards recognised them as potential reproductive parasites. 
Similarly, A. mellifera guards do not reject workers that are likely to have active ovaries 
at higher rates than workers that are unlikely to have active ovaries (Beekman et al., 
2002b, Chapman et al., 2009a). Instead, they are less accepting of non-nestmate workers 
overall, regardless of their reproductive potential (Chapman et al., 2009a). Thus to a 
honeybee colony, any non-nestmate is a potential parasite (Beekman et al., 2002b, 
Chapman et al., 2009a). 
In agreement with Chapman et al. (2008), our study shows an unexpected increase in 
the acceptance of non-natal workers following queenlessness. However, even when half 
of the colonies were queenless, rejected workers were no more likely to have active 
ovaries than accepted workers (Table 3), and queenless colonies were more permissive 
of test bees in general (Figure 2, Table 2). Apis cerana is unique among honeybees in 
that workers have very high rates of ovary activation (1-6%) even when a queen is 
present (Oldroyd et al., 2001a, Nanork et al., 2007a, Tan et al., 2009). Despite high rates 
of ovary activation, two studies failed to find worker-laid brood in queenright colonies 
(Oldroyd et al., 2001a, Nanork et al., 2007a). This suggests that egg-policing is highly 
efficient when a queen is present. Once an A. cerana colony loses its queen, the workers 
rapidly activate their ovaries, with over 30% of workers having active ovaries within a 
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week of queen loss (Oldroyd et al., 2001a, this study, Nanork et al., 2007a). In Apis 
mellifera, worker-produced males only appear several weeks after the queen is removed 
(Miller and Ratnieks, 2001). With such a large proportion of the colony’s workforce 
devoted to reproduction in queenless A. cerana colonies, it seems feasible that other 
hive tasks, including guarding, are neglected. 
In many social species, colony members are able to recognise reproductive individuals 
and limit their reproduction through aggressive interactions. In the naked mole-rat 
Heterocephalus glaber, all sexually mature individuals are capable of taking over the 
role of the dominant breeder (Faulkes et al., 1990, Jarvis, 1981). To ensure that high-
ranking individuals do not attempt to reproduce, the dominant female regularly acts 
aggressively towards those challenging her position (Clarke and Faulkes, 2001). In the 
queenless ant Dinoponera quadriceps, the gamergate marks high-ranking reproductive 
individuals with a chemical signal. Workers that are marked by the gamergate are held 
down by lower-ranked workers (Monnin et al., 2002), and such harassment reduces the 
likelihood that the punished individual will reproduce. The evidence that A. mellifera 
workers are capable of recognising reproductive individuals is more equivocal. 
Sakagami (1954) and Visscher and Dukas (1995) showed that in queenright colonies, 
police workers bite the mouthparts, antennae or legs of workers with active ovaries. 
However, Dampney et al. (2002) showed that this behaviour is quite rare and error 
prone.  
It seems unlikely that reproductively active individuals are attacked in queenless Apis 
colonies. It is also unlikely that non-nestmates are specifically targeted once they are 
inside queenless colonies, as their absorption of the host colony’s odour cues rapidly 
makes them indistinguishable from nestmates (Beekman et al., 2002a). But if queenless 
A. cerana colonies do not up-regulate their guarding behaviour, nor discriminate against 
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non-nestmates with active ovaries, how do we explain the decline in the proportion of 
non-natal workers present in the colony following queen loss (Nanork et al., 2007a)? It 
may be that queenless A. cerana colonies become less attractive to reproductive 
parasites, but this seems an unlikely explanation. Thus the most parsimonious 
explanation for the observed decline is that A. cerana has evolved a mechanism for 
protecting queenless colonies against non-natal parasites. What this mechanism may be 
remains unknown. 
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Abstract 
Honeybee workers generally refrain from personal reproduction when a queen is 
present. Workers discern the presence and fecundity of the queen via volatile 
pheromones that permeate throughout the colony. Pheromones are emitted both by the 
queen herself and by the brood that she produces. If pheromone production is disrupted, 
some workers initiate egg-laying. The Eastern honeybee Apis cerana is unusual in that 
workers have high levels of ovary activation even in the presence of a queen. To 
investigate the effect of disruption to pheromone dispersal, we fitted three A. cerana 
colonies with vertical queen excluders, thus splitting the colonies into a half containing 
a queen and a half without a queen.  We regularly sampled adult workers from both 
sides of the excluder for three weeks. We also sampled workers from three control 
colonies that did not contain excluders. We found a significant increase in worker ovary 
activation three days after addition of excluders, suggesting that the reduced dispersal of 
pheromones allowed some workers to become reproductively active. Workers attempted 
to rear queen cells on the queenless halves of all three colonies. Queen-rearing ceased 
on day 9, at which time no queen-laid brood remained on the queenless halves of the 
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colonies. Ovary activation rates continued to climb until day 9 and then gradually began 
to decline. With the exception of one egg, we did not observe worker-laid brood on the 
queenless side of the colonies, suggesting that workers continued policing eggs laid by 
workers. We conclude that if the distribution of brood pheromone is impeded, workers 
prepare to supersede their queen, accompanied by high levels of worker ovary 
activation. However, because workers continue to police each other, high ovary 
activation does not result in worker-produced drones. 
Keywords: Apis cerana, ovary activation, pheromone, policing 
Introduction 
In haplo-diploid, polyandrous insect societies, workers are on average twice as related 
to sons of the queen (r = 0.25) than to the sons of their half-sisters (r = 0.125), that 
comprise the vast majority of workers they interact with (Bourke, 1988). Thus, workers 
can increase their inclusive fitness by rearing the sons of their queen instead of the sons 
of their half-sisters (Bourke, 1988, Bourke, 2011, Hamilton, 1964a, Hamilton, 1964b). 
However, inclusive fitness theory also predicts that an individual worker can benefit 
from personal reproduction where possible, and by preventing her sisters from doing the 
same (Bourke, 1988, Ratnieks, 1988). The conflicting interests of the individual worker 
and those of the collective has apparently been resolved via the evolution of worker-
policing – any behaviour of workers that limits the reproductive output of their sister 
workers (Ratnieks, 1988). In honeybees worker policing is largely based on the 
detection and eating of worker-laid eggs (Ratnieks and Visscher, 1989) and is so 
efficient that it is thought to have selected for reproductive self-restraint on the part of 
workers (Wenseleers et al., 2004a, Wenseleers et al., 2004b). Indeed, in the Western 
honeybee Apis mellifera, on which the majority of our understanding of policing in 
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insect societies is based, only 0.01% of workers have active ovaries and only 0.12% of 
males are sons of workers when a queen is present (Ratnieks, 1993, Visscher, 1989). 
High frequencies of worker ovary activation are generally only seen in hopelessly 
queenless colonies (Miller and Ratnieks, 2001, Page and Erickson, 1988). When a 
colony loses its queen and is unable to rear another, its only reproductive option is for 
its workers to curtail policing, activate their ovaries and rear one final cohort of drones 
before the colony inevitably dies (Miller and Ratnieks, 2001). Thus, workers must be 
able to discern the presence of their queen. Honeybee queens signal their presence to 
workers via queen mandibular gland pheromone, or QMP (Winston and Slessor, 1998, 
Free, 1987). QMP plays an important role in the regulation of worker reproduction, as 
worker ovarian development is low or absent in the presence of QMP (Hoover et al., 
2003, Butler and Fairey, 1963). In European subspecies of A. mellifera, QMP alone is 
sufficient for workers to refrain from activating their ovaries (Hoover et al., 2003). In 
contrast, in two African subspecies of A. mellifera, A. m. capensis and A. m. scutellata, 
a combination of QMP and a complementary pheromone originating from the queen’s 
tergal glands are required to prevent worker ovarian development; this combination is 
more effective than either pheromone individually (Wossler and Crewe, 1999). These 
results show that there may be differences in the mixtures of pheromones required to 
regulate worker reproduction between different (sub)species of honeybee. Irrespective 
of the exact pheromone(s) involved, all are volatile, and thus close proximity between 
the queen and the workers is required in order for the pheromones to be effective 
(reviewed in Slessor et al., 2005).  
QMP also acts as a signal of fertility. While queens do not increase production of QMP 
as their reproductive output increases (Keller and Nonacs, 1993, Strauss et al., 2008), 
the amount of QMP produced by queens has been shown to increase with insemination 
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volume, allowing QMP to act as an honest signal of the queen’s reproductive status 
(Nino et al., 2013a, Nino et al., 2013b). Workers are known to respond to this signal; 
they are more likely to have active ovaries in the presence of an unmated queen than 
when they are reared with a mated queen (Peso et al., 2013). Workers further gauge the 
fertility of their queen via pheromones emitted by the brood (Mohammedi et al., 1996, 
Mohammedi et al., 1998, Oldroyd et al., 2001b, Strauss et al., 2008, Pettis et al., 1997). 
It is the combination of pheromonal signals from the queen and the brood that leads to 
workers refraining from activating their ovaries (reviewed in Le Conte and Hefetz, 
2008). If the queen fails to continue producing eggs, the strength of the brood signal 
decreases, resulting in workers activating their ovaries. In A. mellifera, a reduction in 
the amount of young brood present in a colony can lead to queen supersedure events 
(Pettis et al., 1997). Moreover, when young brood is added to queenless colonies, fewer 
queen cells are reared than when queenless colonies are treated with QMP alone (Pettis 
et al., 1997). Thus it appears that the most important indicator of the queen’s fecundity 
is a pheromone emanating from the young brood present in the colony. If the amount of 
this pheromone or its ability to permeate the colony is disrupted, workers may perceive 
themselves to be in a colony with a failing queen, and some behaviours associated with 
queenlessness may emerge. 
Like queens of A. mellifera, queens of the Eastern honeybee, A. cerana also mate with 
multiple males (Oldroyd et al., 1998) and workers selectively remove eggs laid by other 
workers (Oldroyd et al., 2001a). Unlike A. mellifera however, A. cerana workers show 
high rates of ovary activation (1-6%) in the presence of a queen (Nanork et al., 2007a, 
Oldroyd et al., 2001a, Tan et al., 2009, Bai and Reddy, 1975, Holmes et al., 2014c) 
despite high effectiveness of worker policing. These high rates of ovary activation are 
puzzling (Wenseleers and Ratnieks, 2006b) given that worker-laid males are extremely 
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rare in queenright A. cerana colonies (Nanork et al., 2007a, Oldroyd et al., 2001a, 
Holmes et al., 2014c). We were interested to see the effects of disruption of the 
pheromonal signals that regulate worker reproduction in a species that already has high 
rates of ovary activation. We fitted colonies of A. cerana with a queen excluder, a 
screen dividing the colony with openings that are large enough for workers to pass 
through, but too small for the queen. We were particularly interested to see if the 
reduction in levels of pheromone from both the queen and her brood result in even more 
A. cerana workers activating their ovaries. We also wanted to investigate if the addition 
of a queen excluder would result in the workers ceasing policing and raising worker-laid 
eggs. 
Materials and methods 
The experiment was performed on the campus of Yunnan Agricultural University, 
Kunming, China, from May-June 2011. We selected six strong A. cerana colonies in 
May 2011. Each colony was producing drones and contained six to eight frames of food 
and brood. We confirmed the presence of the queen in each colony and paint-marked 
(Posca Paint Pens, Mitsubishi Pen Co., Japan) her to aid subsequent identification. We 
then placed vertical queen excluders in three of these colonies, and ensured that similar 
amounts of food and brood were present on both sides of the excluder. We checked for 
the presence of newly-laid eggs on the queenless halves of the colonies every three days 
for three weeks. 
We collected a sample of 100 workers from each side of the queen excluder (200 per 
colony) and 200 from the colonies without excluders (control colonies) on the day of 
the addition of the excluder. These were dissected to determine levels of ovary 
activation. Workers were classified as either ‘active’ (fully developed eggs present) or 
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inactive (eggs absent). We similarly collected further samples of 200 workers (100 from 
each side of the excluder) from each of the excluder colonies and 200 from each of the 
control colonies every three days for three weeks, confirming the presence of the queen 
(and that she was on the same side of the excluder) at each sampling interval. We used 
repeated measures ANOVA to compare ovary activation rates between the queenright 
and queenless halves of our excluder colonies, and between the excluder and control 
colonies. Prior to analysis, we transformed data using the arcsine√x transformation to 
restore normality (Fowler et al., 1998). We also used χ2-tests to compare ovary 
activation rates between excluder and control colonies on each day of the experiment. 
In order to determine variability between the excluder colonies, we used χ2-tests to 
compare the ovary activation rates in on each sampling date in each excluder colony. 
We then used a χ2-test of heterogeneity to determine whether there was significant 
variation in levels of ovary activation amongst excluder colonies. 
Results 
Immediately following addition of excluders, workers in all three excluder colonies 
attempted to rear queens, but only in the queenless halves. Workers did not attempt to 
rear queens in the control colonies. We removed these queen cells as they appeared. 
After day 9 of the experiment, when no queen-laid brood remained in the queenless 
halves, no further queen cells were produced. At no point did we observe worker-laid 
eggs in the queenless halves of any of the excluder colonies, with one exception. On day 
15, we observed a sealed queen cell in one of the excluder colony’s queenless halves. 
The contents of this queen cell could not possibly have been laid by the queen as she 
had no access to that part of the hive. However, the queen cell had been destroyed by 
the workers by day 18, most likely because it contained a drone. 
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The frequency of ovary activation did not differ between bees on the queenright and 
queenless halves of the excluder colonies (Table 1). Thus, we pooled the data from both 
sides of the excluder in subsequent analyses. Ovary activation rates were significantly 
higher in colonies divided with an excluder than in the colonies that were not (Figure 1, 
Table 2).  
Table 1. Repeated measures ANOVA to test if bees from the queenless halves of the 
excluder colonies were more likely to have active ovaries than bees from the queenright 
halves. One hundred workers from each half of each colony (200 in total per colony per 
sampling date) were dissected every three days for three weeks following addition of an 
excluder. Data were transformed using an arcsine√x transformation. 
Source df MS F P 
     
Between subjects     
Queenstate of Half (QS) 1 2.708 0.062 0.815 
Error 4 43.445   
     
Within subjects     
Day (D) 7 197.417 30.608 <0.001 
D x QS 7 10.422 1.616 0.172 
Error 28 6.450   
 
Table 2. Repeated measures ANOVA of the effect of addition of a queen excluder 
(‘Treatment’) on ovary activation of workers. Two hundred workers were collected 
from each colony at the beginning of the experiment and every three days thereafter for 
three weeks. In colonies containing an excluder, 100 bees were collected from the 
queenright half and 100 from the queenless half at each sampling. However, as there 
was no difference in ovary activation rate between the queenright and queenless halves 
of our excluder colonies (see Table 1), we pooled the data from each half of the 
excluder colonies for this analysis. Data were transformed using an arcsine√x 
transformation. 
Source df MS F P 
     
Between subjects     
Treatment (T) 1 0.332 12.293 0.025 
Error 4 0.027   
     
Within subjects     
Day (D) 7 0.030 15.328 <0.001 
D x T 7 0.019 9.886 <0.001 
Error 28 0.002   
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Figure 1. Average percentage of workers with active ovaries in excluder (white bars) 
and control (grey bars) colonies. The percentage of workers with activated ovaries 
increased immediately after addition of the excluder (Day 0; repeated measures 
ANOVA, P = 0.025) in the excluder colonies and peaked at Day 9. Ovary activation 
rates then declined but were still significantly different from ovary activation rates in 
the control colonies (χ2 = 5.253, df = 1, P = 0.022) at the end of the experiment. 
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Ovary activation frequencies were not significantly different between the control and 
excluder colonies at the beginning of the experiment (χ2 = 0.403, df = 1, P = 0.526; 
Figure 1). However, ovary activation frequencies were significantly higher in the 
excluder colonies than in the control colonies by the next sampling date, day 3 (χ2 = 
7.491, df = 1, P = 0.006; Figure 1) and continued to increase steadily at each sampling 
interval (Figure 1). This increase occurred in all three excluder colonies. Ovary 
activation frequencies in the excluder colonies peaked at day 9 (χ2 = 81.586, df = 1, P < 
0.001; Figure 1) and then began to fall. When we collected our final samples on day 21, 
ovary activation rates were still significantly greater in the excluder colonies than in the 
control colonies (χ2 = 5.253, df = 1, P = 0.022). Ovary activation frequencies remained 
constant in the control colonies (Figure 1). 
There was marginally significant heterogeneity between the excluder colonies (Table 3). 
This effect was largely driven by Excluder colony 3, in which ovary activation rates 
dropped at a slower rate than in the other two colonies after day 9. However, all three 
excluder colonies followed the same pattern in that ovary activation rates increased 
significantly until day 9 and then began to fall. 
Table 3. χ2 tests comparing workers with active ovaries and those with inactive ovaries 
for each of the excluder colonies on each sampling date. As workers from the queenless 
halves of the colonies were no more likely to have active ovaries than workers from the 
queenright halves (Table 1), we pooled the data from both halves for this analysis. 
Heterogeneity χ2 was calculated by taking the absolute value of the difference of ‘χ2 of 
Total’ and ‘Total of χ2’. P-values were calculated from the χ2-distribution of the χ2 
values and degrees of freedom. Heterogeneity among colonies was marginally 
significant. 
Colony  χ2 df P 
Excluder 1 51.445 7 <0.001 
Excluder 2 117.507 7 <0.001 
Excluder 3 68.392 7 <0.001 
χ2 of Total 212.956 7 <0.001 
Total of χ2 237.344 21 <0.001 
Heterogeneity 24.388 14 0.041 
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Discussion 
The rapid increase in ovary activation frequency following the addition of queen 
excluders to our colonies strongly suggests that confinement of the queen to one portion 
of the hive disrupts the pheromonal signals that normally curtail worker ovary 
activation (Figure 1). Confining the queen to one half of the hive results both in a 
reduction in the contact rate of workers with the queen and prevents the queen from 
laying on one side of the colony, thereby reducing the workers’ exposure to brood 
pheromones. The increase in ovary activation combined with the workers attempting to 
rear queen cells on the queenless part of the hive suggests that the workers perceived 
their colony to be queenless or headed by a failing queen. Restricting the queen to one 
half of the hive limits the amount of comb available for her to lay eggs in, resulting in 
reduced amounts of brood in our excluder colonies. In A. mellifera there is a clear 
relationship between ovary activation and the amount of brood present; workers will 
activate their ovaries when the amount of brood present decreases (Mohammedi et al., 
1996, Mohammedi et al., 1998, Oldroyd et al., 2001b, Pettis et al., 1997, Strauss et al., 
2008). In addition, studies of A. mellifera have shown that a decrease in the amount of 
young brood present in colonies induces queen supersedure (Pettis et al., 1997). 
However, in A. mellifera colonies fitted with an excluder, workers only attempt to rear 
queens when young larvae are transferred by beekeepers to the queenless part of the 
hive (Wilkinson and Brown, 2002), and workers do not activate their ovaries when a 
queen excluder is deployed (Ratnieks, 1993, Visscher, 1998). Thus our results suggest 
that A. cerana workers are more sensitive to the changes in the pheromonal signals 
arising from the queen and, more importantly, her brood.  
When an A. cerana colony loses its queen, the frequency of worker ovary activation 
rapidly increases and workers curtail policing (Nanork et al., 2007a). The observed 
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increases in ovary activation, along with the presence of a queen cell on day 15 strongly 
suggest that workers were indeed laying in our excluder colonies. However, the absence 
of worker-produced brood on the queenless halves (apart from the single queen cell 
from day 15) of our colonies indicates that worker policing was not curtailed. Similarly, 
if workers in our excluder colonies equated the reduction in queen and brood 
pheromones with the lack of a queen, we would not expect ovary activation rates to 
decrease as we observed after day 9, even though the colonies were still fitted with 
excluders (Figure 1). This reduction coincided with the cessation of queen cell 
production in the queenless halves of the excluder colonies as there was no longer any 
young queen-laid brood available. Combined, our results suggest that the workers were 
attempting to replace their queen, and did not perceive their colony to be queenless. 
Thus it appears that addition of excluders causes A. cerana workers to behave as if their 
queens were failing, most likely due to the dilution of queen and brood pheromone in 
these colonies. Our conclusion needs to be tested specifically by reducing the amount of 
brood present without fitting a queen-excluder, as performed on A. mellifera by Pettis et 
al. (1997). 
In A. mellifera, periods of queen replacement due to her sudden death or due to 
reproductive swarming often result in increased worker ovary activation (Holmes et al., 
2013a, Miller and Ratnieks, 2001, Woyciechowski and Kuszewska, 2012). Holmes et al 
(2013a) argued that some worker patrilines time their drone production such that it 
coincides with reproductive swarming. Because such workers circumvent the normal 
control mechanisms that prevent worker reproduction, they are known as ‘anarchists’ 
(Montague and Oldroyd, 1998, Oldroyd et al., 1994). Such drones have a reasonable 
chance to mate with virgin queens produced by other colonies in the population. 
Frequency-dependant costs of worker reproduction ensure that such workers remain 
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rare (Barron et al., 2001, Montague and Oldroyd, 1998). In addition to ‘anarchistic’ 
workers, Woyciechowski and Kuszewska (2012) described ‘rebel’ workers in A. 
mellifera: workers that activate their ovaries in the brief period of queenlessness that 
occurs when the old queen has left the colony with the swarm but the new one has not 
yet started laying. While ‘anarchistic’ workers successfully produce drones because 
their eggs somehow escape policing, ‘rebels’ do not, suggesting that the increase in 
ovary activation we observed in our A. cerana colonies resulted from ‘rebel’ but not 
‘anarchistic’ workers. 
Our results demonstrate that even though A. cerana workers have unusually high levels 
of ovary activation, the ability of workers to activate their ovaries is still heavily 
influenced by the dissemination of queen and brood pheromones throughout the colony. 
If any disruption to pheromone cycling occurs, ‘rebel’ workers immediately attempt to 
reproduce, though their attempts are rendered futile by efficient policing. Thus our 
study demonstrates the significance of policing mechanisms for avoiding the colony-
level costs associated with selfish behaviour. 
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Abstract 
Thelytokous parthenogenesis, or the asexual production of female offspring, is rare in 
the animal kingdom, but relatively common in social Hymenoptera. However, in 
honeybees, it is only known to be ubiquitous in one subspecies of Apis mellifera, the 
Cape honeybee, A. m. capensis. Here we report the appearance of queen cells in two 
colonies of the Eastern honeybee Apis cerana that no longer contained a queen or 
queen-produced brood to rear queens from. A combination of microsatellite genotyping 
and the timing of the appearance of these individuals excluded the possibility that they 
had been laid by the original queen. Based on the genotypes of these individuals, 
thelytokous production by natal workers is the most parsimonious explanation for their 
existence. Thus, we present the first example of thelytoky in a honeybee outside A. 
mellifera. We discuss the evolutionary and ecological consequences of thelytoky in A. 
cerana, in particular the role thelytoky may play in the recent invasions by populations 
of this species. 
Keywords: Apis cerana, A. m. capensis, thelytoky, worker reproduction 
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Introduction 
Thelytokous parthenogenesis, or the ability to produce female offspring without mating, 
is rare in animals (Suomalainen et al., 1987). However in the Hymenopteran insects, all 
of which are haplo-diploid, thelytoky is widespread, having evolved at least 255 times 
(Normark, 2003). It is particularly common in eusocial species, occurring in at least 51 
extant species (Rabeling and Kronauer, 2013). Among the honeybees (Apis spp.), 
thelytoky is ubiquitous only in a subspecies of Apis mellifera, the Cape honeybee A. m. 
capensis (Rabeling and Kronauer, 2013). Thelytoky is either absent or very rare in all 
other honeybees (Goudie and Oldroyd, 2014, Mackensen, 1943). This absence is quite 
surprising because a worker that reproduces thelytokously has the potential to 
enormously raise her personal fitness by laying an egg in a queen cell. In honeybees, 
queens and workers are genetically identical and caste differentiation is triggered by 
differential feeding of very young larvae (de Wilde and Beetsma, 1982, Kucharski et al., 
2008), so any diploid egg laid in a queen cell can develop into a queen. A thelytokous 
worker can therefore be genetically reincarnated as a queen if she lays her egg in a 
queen cell (Goudie and Oldroyd, 2014). Thelytoky has selected for highly competitive 
workers in A. m. capensis (reviewed in Beekman and Oldroyd, 2008); workers in 
colonies with a queen typically have much higher rates of ovary activation than other 
(sub)species, and workers specifically target queen cells for oviposition (reviewed in 
Goudie and Oldroyd, 2014). 
While thelytoky occurs regularly in A. m. capensis, there is evidence that it occasionally 
occurs in other (sub)species of honeybee. When virgin queens of commercial strains of 
A. mellifera are induced to lay under CO2 narcosis, about 1% of the eggs they produce 
develop into females (Mackensen, 1943). While this may be the result of developmental 
errors during arrhenotoky (the process by which a haploid egg develops into a male) 
94 
 
(Goudie and Oldroyd, 2014), it is suggestive that thelytoky is a rare or perhaps latent 
trait in honeybees that appears and is selected for under certain environmental 
conditions. 
The Eastern honeybee A. cerana is native to and endemic throughout Asia, and is a 
sister species of A. mellifera (Lo et al., 2010). Its workers have unusually high rates of 
ovary activation even when a queen is present (Holmes et al., 2014c, Nanork et al., 
2007a, Oldroyd et al., 2001a), not unlike A. m. capensis. However, the reasons behind 
these unusually high rates of ovary activation are unclear (Holmes et al., 2014c).  
While working with A. cerana in China, we observed anomalous appearances of three 
adult queens roaming in two colonies from which we had previously removed the queen 
and that no longer contained queen-laid brood from which new queens could be raised. 
Normally, the workers would raise new queens from eggs or very young larvae (< 3 
days old) to replace the old queen, but such queen cells were removed during the course 
of an experiment. The development time from an egg to adult queen in A. cerana is 14-
16 days (Oldroyd and Wongsiri, 2006). Thus the three young queens found in our 
colonies, 22-48 days after queen removal, could not have been reared from the original 
queen’s brood. Were these the thelytokous daughters of workers? 
Here, we investigate experimentally if workers of A. cerana are capable of thelytoky 
and use this ability to lay eggs in queen cells when the colony’s queen has been 
removed. We sampled queen cells from colonies without a queen and genotyped the 
contents to determine the maternity of the pupae or larvae present in those cells. 
Materials and methods 
Collection of samples 
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All sampling was conducted on the campus of Yunnan Agricultural University, 
Kunming, China. On June 16th, 2011, a queen cell was observed in a queenless colony 
(Colony 1). This colony had been queenless since May 16th of that year and therefore no 
longer contained brood laid by the original queen from which new queens could be 
raised. While a virgin queen was observed on May 24th, she apparently never returned 
from her mating flight, as she was never seen again and no queen-laid eggs were ever 
observed after May 16th. The queen cell harvested on June 16th contained a fully-
developed pupa that was morphologically female. The pupa was stored in 70% ethanol 
for subsequent analysis. 
On August 4th, another queen cell was harvested from Colony 1. This colony was still in 
a queenless state and did not contain brood. Once again, the queen cell contained a fully 
developed pupa that was morphologically female. The pupa was stored in 70% ethanol 
for subsequent analysis.  
On May 5th, 2013, we experimentally dequeened four A. cerana colonies and regularly 
inspected and harvested queen cells. Queens from all four colonies were stored in 70% 
ethanol for analysis. Queen cells were harvested every second day for the first two 
weeks, and at weekly intervals thereafter until July 5th, 2013, after which time no more 
queen cells were produced. All queen cell contents (QCCs) were stored in 70% ethanol 
for subsequent analysis. 
Genetic analysis 
DNA from adult queens and workers was extracted using a Chelex extraction method 
(Walsh et al., 1991). For larvae and pupae from inside queen cells, a cleaner preparation 
of DNA was required, so we used a high-salt extraction method (Aljanabi and Martinez, 
1997). All samples were genotyped at nine polymorphic microsatellite loci. Six of these 
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loci were specific to Apis cerana (Takahashi et al., 2009) and three were specific to A. 
mellifera (Solignac et al., 2003). DNA was amplified using standard PCR conditions 
(Estoup et al., 1994) and genotypes were assigned as in Holmes et al. (Holmes et al., 
2010). 
Where possible, the original queens were genotyped directly. The original queen was 
not available for Colony 1 as this colony lost its queen by chance. However, we had 
previously collected a sample of 24 worker pupae from this colony for another 
experiment; the genotype of the original queen was inferred from this sample (Oldroyd 
et al., 2000).  
Determining maternity of QCCs 
We compared the genotypes of QCCs with that of the original queens from their 
colonies in order to determine if they were the offspring of queens or workers. If the 
queen pupae were daughters of the original queens, they would share an allele with the 
original queen at all nine loci; this would not necessarily be the case if they were 
produced by workers. We also noted the timing of the appearance of the queen cells. 
Queen cells that appeared more than 16 days after a colony lost its original queen could 
not possibly contain brood laid by this queen (Oldroyd and Wongsiri, 2006). 
We used the procedure employed by Holmes et al. (Holmes et al., 2010) to distinguish 
whether the pupae in queen cells were worker- or queen-laid. Briefly, during thelytoky 
via central fusion there is a one-third chance that an allele present in the mother at a 
particular locus will become homozygous in her daughter (Baudry et al., 2004). 
Additionally, there is a 50% chance that the homozygous allele will be from the father 
(Allsopp et al., 2010). Thus there is a 1/6 chance that a worker’s offspring will be 
homozygous for a paternal allele at a locus. Therefore when a QCC is homozygous at at 
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least one locus for an allele not carried by the queen, it must have been thelytokously 
produced by a worker (Allsopp et al., 2010). 
Misclassification error 
A QCC also has a 1/6 chance of becoming homozygous for an allele carried by the 
queen, so even if it shares an allele with the original queen at all loci, but is 
homozygous for a queen allele at at least one locus, it may be the thelytokous daughter 
of a worker (Holmes et al., 2010). Alternatively, the queen could have mated with a 
male carrying the same allele at that locus. 
We calculated the probability of misclassifying offspring homozygous for a queen allele 
at a locus as being worker-laid as in Holmes et al. (Holmes et al., 2010). First, we 
calculated the average frequency of the two alleles carried by the original queens of 
each colony as (pik + pjk)/2, where pik is the population frequency of the first queen 
allele at the kth locus and pjk is the frequency of the second queen allele at the kth locus 
(Holmes et al., 2010). We then calculated α, the average of these average frequencies 
over the i loci (Holmes et al., 2010). We then determined the number of loci, n, that 
were homozygous for a queen allele for each of our anomalous queens and QCCs. The 
probability that any of our anomalous queens or QCCs was homozygous for a queen 
allele due to the original queen mating with a male that shared her alleles was then 
estimated as αn (Holmes et al., 2010). 
We obtained population allele frequencies by genotyping 107 to 135 workers at each 
locus from six A. cerana colonies within our population. 
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Results 
The two QCCs sampled from Colony 1 were morphologically female. Based on the lag 
between the removal of the original queen and the appearance of the queen cells, these 
young queens could not have been laid by the original queen. Genotyping confirmed 
that they were not the daughters of the queen (Table 1). 
We harvested a total of 37 QCCs from the 2013 colonies, of which four (10.8%), from a 
single colony, appeared to be worker-laid queens (Colony 2 in Table 1). Of the 
remaining 33 QCCs, 23 (62.2%) had genotypes compatible with being queens raised 
from the queen brood, whereas 8 (21.6%) appeared to be worker-laid males and two 
(5.4%) appeared to be queen-laid males. 
Whenever we assigned a QCC as being worker-laid (Table 1), αn was on average 0.051. 
This suggests that there was a 5.1% chance that these queens were the offspring of the 
queen rather than a worker (Holmes et al., 2010). 
The estimation of misclassification error is far more important for the QCCs which 
appeared within 14-16 days of queen removal, as we cannot exclude these being queen-
laid due to timing. The four individuals in question are those from Colony 2, which 
were QCCs collected between 5-9 days after queen removal (Table 1). If we only 
consider these individuals in the calculation, αn is on average 0.012. Thus, for these 
samples there is only a 1.2% chance that they were laid by the queen rather than a 
worker. 
Discussion 
When a honeybee worker reproduces thelytokously, recombination will result in a loss 
of heterozygosity in one third of meioses (Baudry et al., 2004). This means that a 
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Table 1 Genotypes and sampling dates of original queens and potentially worker-laid queen-cell contents (QCCs) harvested in 2011 and 2013. 
Genotypes highlighted in black indicate a locus where the individual did not share an allele with the original queen. Genotypes in bold indicate a 
locus where the offspring became homozygous for a queen allele. 
Date† Colony Sample  Days‡ Ac1 Ac2 Ac3 Ac5 Ac30 Ac35 A107 Ap43 B124 
16/05/2011 1 Original 
Queen* 
 200/202 132/136 318/318 166/166 226/226 126/128 159/160 130/150 217/219 
16/06/2011 1 QCC 31 200/202 132/132 318/320 165/165 226/226 126/130 157/157 128/130 217/219 
04/08/2011 1 QCC 80 200/202 132/134 318/322 165/165 226/226 126/128 162/162 148/165 217/219 
05/05/2013 2 Original 
Queen 
 202/202 132/134 322/322 163/163 232/232 128/130 165/166 130/132 215/219 
10/05/2013 2 QCC 5 202/202 134/134 318/322 163/165 232/232 120/128 168/168 130/145 219/219 
14/05/2013 2 QCC 9 202/202 132/140 318/322 163/165 229/232 128/128 156/156 132/152 217/219 
14/05/2013 2 QCC 9 202/202 134/134 322/322 163/165 232/232 128/128 168/168 130/130 215/219 
14/05/2013 2 QCC 9 202/202 134/134 312/322 163/163 229/232 128/130 168/168 128/132 219/219 
Notes: 
†Date the colony was either dequeened or first noted as queenless (Colony 1).  
‡The number of days between the onset of queenlessness and the sampling of anomalous queen cells. Note that the developmental time of an A. cerana queen is 14-16 days 
(Oldroyd and Wongsiri, 2006). 
*Queen was lost accidentally and so was not stored; her genotype was inferred from a sample of workers collected from this colony on March 14th, 2011. As the original 
queen was paint-marked, we are confident that she was the only queen that had been in this colony until she disappeared in May 2011. 
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worker’s thelytokously-produced daughters can be definitively identified by 
homozygosity for a paternal allele at one or more loci (Allsopp et al., 2010). Across our 
2011 and 2013 samples, we positively identified six female progeny as being worker-
laid because they lacked queen alleles at one or more loci (Table 1). In all but one case, 
these individuals were homozygous for a non-queen allele (Table 1). This is proof that 
these individuals are the thelytokous daughters of workers (Allsopp et al., 2010). 
One of our 2011 QCCs lacked queen alleles at three loci but only became homozygous 
at two of these (second QCC Colony1; Table 1). The presence of two non-queen alleles 
at a single locus shows that this individual had not been laid by a natal worker (Allsopp 
et al., 2010), unless a mutation occurred. This suggests that, as occurs regularly in A. m. 
capensis (Allsopp et al., 2010, Holmes et al., 2010, Jordan et al., 2008), a worker from 
another colony entered and parasitised the queen cell. 
This is the first evidence of thelytoky in A. cerana. A. cerana’s high levels of ovary 
activation are paradoxical, as most haploid worker-laid eggs are rapidly removed by 
other workers (Holmes et al., 2014c, Oldroyd et al., 2001a). Such efficient policing is 
predicted to lead to low levels of ovary activation (Holmes et al., 2014c, Wenseleers 
and Ratnieks, 2006b). The ability to lay diploid eggs via thelytoky changes the kin 
structure of a honeybee colony (Greeff, 1996). When workers reproduce thelytokously, 
they are related to their own daughters by unity and are therefore far less likely to 
refrain from personal reproduction (Greeff, 1996). More importantly, thelytoky opens 
the possibility for workers to be reincarnated as queens if their daughter is raised as the 
next queen (Goudie and Oldroyd, 2014, Jordan et al., 2008). We therefore expect 
workers to compete strongly with their sisters, resulting in high levels of ovary 
activation (Greeff, 1996). Our work suggests that the so far unexplained high ovary 
activation rates found in A. cerana (Holmes et al., 2014c, Nanork et al., 2007a, Oldroyd 
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et al., 2001a) result from the changes in colony kin structure due to thelytokous 
reproduction by its workers.  
The ability of A. cerana workers to reproduce thelytokously could also explain the rapid 
expansion of a single A. cerana swarm introduced into Australia in 2007 into over 800 
colonies by 2013 (Koetz, 2013). Thelytoky impacts invasion potential of invasive 
species in general for three main reasons (Rabeling and Kronauer, 2013, Goudie and 
Oldroyd, 2014). First, thelytoky allows invasive species to overcome the problem of 
locating mates in initially low-density populations. Second, thelytoky can cause socially 
parasitic lineages to arise, wherein females infiltrate the colonies of their own or related 
species and lay eggs. Finally, thelytoky ensures that the ‘invasive genotype’ of the 
founder population is preserved. So far, thelytoky is known to have assisted the spread 
of six invasive social Hymenoptera (Rabeling and Kronauer, 2013). In addition, at least 
three species, though not currently classified as invasive, thrive in anthropogenically 
modified habitats (Kronauer et al., 2012). 
Thelytoky has already led to the evolution of specialised social parasites as in the Cape 
honeybee A. m. capensis (Goudie and Oldroyd, 2014) and the ant Pristomyrmex 
punctatus (Dobata et al., 2009, Dobata et al., 2011). In the Cape honeybee the 
consequences of the parasitic lineage are devastating. After its first occurrence in 1990 
this lineage has been responsible for the death of hundreds of thousands of commercial 
honeybee colonies, nearly wiping out the South African beekeeping industry (Allsopp, 
1992, Beekman et al., 2008). Given the potential that thelytoky provides insect workers, 
it is essential to further investigate the prevalence of thelytokous reproduction in A. 
cerana, the conditions under which such reproduction occurs and the likelihood of a 
new parasitic lineage to evolve. 
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Chapter 7 
GENERAL DISCUSSION 
To become a successful reproductive parasite a worker must be able to do the 
following: (1) activate her ovaries, (2) lay eggs that escape the police force, and (3) lay 
them at the right time in order to secure the maximum fitness pay-off. Moreover, if a 
worker is attempting to parasitise another nest, she has the additional difficulty of 
entering and being accepted into the nest in the first place. Being thelytokous has the 
additional advantage of being able parasitise queen cells and become reincarnated, in a 
genetic sense, as the next queen. However, it is the three characteristics mentioned first 
that are of vital importance. Thelytokous or not, workers with those qualities will have 
the greatest chance of becoming successful reproductive parasites. This thesis 
contributes several new findings to our understanding of reproductive parasitism in 
social bees. These are outlined below. 
Timing is everything 
One of the most significant findings of this thesis is the importance of timing of a 
worker’s reproductive attempt to her chances of success. In particular, I found that the 
period of reproductive swarming provides the most important reproductive opportunity 
for workers (Chapter 2; Holmes et al., 2013a). While an increase in worker reproduction 
during swarming events has been described previously in the Cape honeybee A. m. 
capensis (Beekman et al., 2009, Jordan et al., 2008), this had always been attributed to 
the ability of A. m. capensis workers to directly parasitise queen cells via thelytoky. But 
to an arrhenotokous worker, timing is equally critical. A male is a genetic dead end 
unless he will have the chance to mate. Thus, selection should be as strong for 
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arrhenotokous workers to attempt to lay during swarming events, as this is the time 
when males have the best chance to mate with a virgin queen. Chapter 2 shows that this 
is indeed the case, as the proportion of worker-laid males in the population increases 
significantly during the reproductive phase of the honeybee colony’s life history 
(Holmes et al., 2013a). 
Of anarchists and rebels 
In Chapter 2 we saw that overall, 4.2% of the males produced throughout a season are 
the sons of workers (Holmes et al., 2013a). However, the majority of these individuals 
came from only a few subfamilies; these subfamilies were barely represented among 
workers, even those with activated ovaries (see Figure S1, Chapter 2) (Holmes et al., 
2013a). This suggests that there are very rare subfamilies among workers that are able 
to dominate worker reproduction. These individuals fulfil all of the requirements for 
successful parasites outlined above: they activate their ovaries at the right time of year, 
and lay eggs that escape policing. In Chapter 2, such individuals are termed ‘anarchists’. 
Anarchistic A. mellifera have been described before (Barron et al., 2001, Chaline et al., 
2002, Montague and Oldroyd, 1998, Oldroyd et al., 1994). However, anarchy was 
previously thought to be rare behavioural mutant as it had only been observed in a few 
colonies (Barron et al., 2001). The A. mellifera colonies studied in Chapter 2 were of 
standard commercial stock and were not selectively bred anarchists. The fact that we 
observed anarchists in unselected colonies leads to one of the most important 
conclusions of Chapter 2: that anarchy, rather than being a rare mutant, is in fact much 
more widespread than previously assumed. As the significance of swarming to worker 
reproductive success was not yet appreciated, the presence of anarchist workers in 
‘normal’ A. mellifera colonies had, until now, mainly been overlooked.  
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Chapter 2 also shows that the number of workers with active ovaries increases 
following swarming events. Again, this is something that has been previously observed 
(Holmes et al., 2013a, Kropacova and Haslbachova, 1969, Woyciechowski and 
Kuszewska, 2012). Woyciechowski and Kuszewska (2012) showed that the high levels 
of ovary activation occurred because these individuals underwent their larval feeding in 
the queenless interlude following swarming, and called these individuals ‘rebels’. 
However in Chapter 2, we see that the vast majority of workers with active ovaries 
appearing in the aftermath of reproductive swarming do not successfully reproduce, as 
they are rarely from the same patriline as worker-laid males (Figure S1 in Chapter 2; 
Holmes et al., 2013a).  
It seems there are two types of reproductive worker in a honeybee colony. First, there 
are the anarchists, which become successful reproductive parasites as they lay at the 
right time of year and also evade policing. On the other hand, there are the rebels, which 
do not have all of the necessary characteristics to become reproductive parasites. While 
rebels are capable of activating their ovaries, their eggs cannot evade policing. Even if 
they could, by laying after swarming has occurred, rebels miss their opportunity for a 
maximum fitness payoff (Holmes et al., 2013a).  
We now know that anarchist workers are far more prevalent than previously assumed 
(Holmes et al., 2013a). While anarchists cannot compete directly for queen production 
like A. m. capensis workers, they are no less opportunistic in their exploitation of 
reproductive swarming events. 
What about thelytoky? 
Chapter 2 shows that selection can favour the evolution of cheater lineages, regardless 
of whether they can reproduce thelytokously or not. However, there is one aspect of 
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thelytoky that can never be replicated in arrhenotokous (sub)species: the potential for 
the evolution of truly parasitic lineages (Rabeling and Kronauer, 2013). The most 
infamous example of this comes from the Cape honeybee, A. m. capensis. Thelytoky 
allows A. m. capensis to become a lethal social parasite of another South African 
subspecies, the arrhenotokous African honeybee A. m. scutellata. The successive 
generations of thelytokous parasites that occur when A. m. capensis workers parasitise 
A. m. scutellata colonies selects for highly parasitic lineages (Beekman et al., 2008). 
The most extreme example of this arose from a 1990 introduction of A. m. capensis into 
A. m. scutellata’s native range (normally the two subspecies are separated by a hybrid 
zone which neither seems to be able to cross without human assistance (Beekman et al., 
2008)). Billions of parasitic A. m. capensis workers emerged, and thousands of A. m. 
scutellata colonies were killed (Beekman et al., 2008, Goudie and Oldroyd, 2014). 
Amazingly, these billions of parasitic workers, which continue to affect the beekeeping 
industry in South Africa to this day, were the descendants of a single worker from the 
1990 introduction (Goudie and Oldroyd, 2014, Oldroyd et al., 2011). This lethal 
parasitic lineage, known as the ‘Clone’, does not behave as a normal A. m. capensis 
worker, as it exists only to parasitise A. m. scutellata colonies (Goudie and Oldroyd, 
2014). 
Parasitic lineages are not unique to social bees. So far we know of one thelytokous ant 
with a parasitic lineage Prystomyrmex punctatus (Dobata et al., 2009, Dobata et al., 
2011, Tsuji and Dobata, 2011). P. punctatus is completely parthenogenetic, contains no 
winged queen caste and all females contribute to worker reproduction (Tsuji and 
Dobata, 2011). Under normal circumstances reproduction is restricted to a specific time 
of the year and the workers act like workers the rest of the time. Becausae all females 
reproduce at some stage during the colony’s life cycle, P. punctatus colonies are 
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genetically heterogeneous. Interestingly, studies have revealed that there are specialised 
genotypes within colonies that only reproduce and never contribute to work. These 
individuals produce females that are larger and have more ovarioles. Perhaps 
confusingly for a queenless ant, some authors refer to these females as ergatoid queens 
(Dobata et al., 2011). The reproductive behaviour of the cheaters is costly to the colony 
because the production of ergatoids instead of workers lowers the overall output of the 
colony (Dobata et al., 2009, Dobata et al., 2011, Tsuji and Dobata, 2011). These 
cheaters appear to have a single origin, as microsatellite data reveals that they originate 
from a single colony in Kihoku, central Japan (Dobata et al., 2011, Tsuji and Dobata, 
2011). Cheaters with identical multi-locus genotypes have been found in other colonies, 
suggesting that similarly to A. m. capensis, cheating P. punctatus workers can enter 
neighbouring nests and parasitise them (Dobata et al., 2009, Dobata et al., 2011, Tsuji 
and Dobata, 2011). Both A. m. capensis and P. punctatus clearly demonstrate that 
thelytoky endows workers with the potential to become highly successful reproductive 
parasites. More and more species of social insects are being discovered that are capable 
of thelytokous reproduction (Rabeling and Kronauer, 2013). It will be interesting to see 
if we also start to find more parasitic lineages now that we know what to look for. 
One of the new discoveries of thelytoky is described in Chapter 6. This study has shown 
that A. cerana workers are at least sometimes capable of thelytoky, as thelytoky by 
workers is the most parsimonious explanation for the origin of the contents of 
emergency queen cells (Figure 1) found in some of the colonies (Holmes et al., 2014b). 
Based on the implications thelytoky has for selection for highly parasitic lineages, this 
finding is of evolutionary significance. Thelytoky does not appear to be the norm in A. 
cerana, as hopelessly queenless colonies apparently do not produce workers in large 
numbers, and worker-laid males still appear in these colonies (personal observation). 
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Figure 1. An emergency queen-cell being reared in a newly queenless A. cerana 
colony. The results of Chapter 6 show that at least some of such queen cells contain the 
thelytokous daughters of workers rather than queens. Photo by M. Holmes. 
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 However, the fact that at least some workers are capable of thelytoky means that 
further studies are required to fully elucidate the effects thelytoky may have on the 
social evolution of A. cerana. 
Closer to home, the ability to reproduce thelytokously may have implications for the 
recent invasion of A. cerana into Australia. We know that social insects are amongst the 
most successful invasive species, and importantly, many of these successful invaders 
are thelytokous (Rabeling and Kronauer, 2013). Thelytoky provides an advantage for 
invasive species, as it allows them to reproduce despite the absence of mates, and also 
to escape the founder effects that invasive populations face. Thus, biological invasions 
present a unique set of circumstances under which thelytoky is selected for. A. cerana 
has recently established invasive populations in New Guinea, the Solomon Islands and 
Australia (Anderson, 2012, Carr, 2011, Koetz, 2013). In Australia in particular, the 
reasons for A. cerana’s rapid spread are not understood. The finding that A. cerana is 
thelytokous could help explain this.  
If the spread of A. cerana in northern Australia is indeed facilitated by thelytoky, then 
this raises the disturbing possibility of a lethal socially parasitic lineage such as the A. 
m. capensis Clone appearing in Australia. The A. m. capensis clone proved devastating 
to South African apiculture (Allsopp, 1992, Beekman et al., 2008, Goudie and Oldroyd, 
2014), so much so that the appearance of the Clone has become known as the ‘capensis 
calamity’ (Allsopp, 1992). Apiculture in Australia is founded on A. mellifera. Could the 
presence of A. cerana in the region result in a similar event? Even if the A. cerana 
population in Australia is not thelytokous in itself, the possibility of a Clone-like 
parasite appearing still exists. When A. cerana drones mate with A. mellifera queens, 
this can trigger the onset of thelytokous parthenogenesis in A. mellifera (Nakamura et 
al., 1998, Remnant et al., 2014). The A. cerana present in northern Australia are indeed 
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mating with local A. mellifera queens (Remnant et al., 2014). Thus, the presence of A. 
cerana in northern Australia signifies the potential for a new socially parasitic lineage to 
emerge, either in A. cerana, A. mellifera or both. 
How do honeybee colonies defend themselves against cheats? 
No society can support widespread cheating behaviour without facing a tragedy of the 
commons (Hardin, 1968). Thus, policing mechanisms are required to limit selfish 
behaviour. Honeybee colonies must defend themselves from parasites from other 
colonies, as well as from within their own nests. 
Chapter 4 was concerned with how A. cerana colonies protect themselves from non-
natal reproductive parasites. A previous study by Chapman et al. (2008) showed that as 
in A. mellifera, guards of A. cerana are more likely to reject non-nestmate workers at 
the hive entrance than nestmates. However, they were unable to determine whether 
guards were particularly discriminatory against workers with active ovaries (Chapman 
et al., 2008), which is significant as these individuals are more likely to become 
reproductive parasites. This was explicitly investigated in Chapter 4. Interestingly, 
while guards were more likely to reject workers from hopelessly queenless colonies, 
whether a worker from such a colony had active ovaries or not did not affect the guards’ 
decision to accept or reject her (Holmes et al., 2013b). This suggests that, as has been 
suggested for A. mellifera (Chapman et al., 2009a), guarding evolved primarily as a 
defence against robbing, wherein workers enter a foreign colony to attempt to steal food 
resources. This behaviour has since been co-opted by both A. mellifera and A. cerana as 
a defence against reproductive parasites; any foreign worker is also a potential parasite 
and so preventing them from entering protects against both robbing and parasitism 
(Chapman et al., 2009a, Holmes et al., 2013b). 
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Guarding is rarely completely effective at keeping foreign workers from entering the 
colony (Beekman et al., 2002b, Chapman et al., 2009a, Chapman et al., 2008, Downs 
and Ratnieks, 2000, Holmes et al., 2013b). Moreover, honeybee workers can also 
become parasites of their own colonies. As such, it is even more important for honeybee 
colonies to have within-colony mechanisms to limit worker reproduction. However, the 
continued selection for cheater genotypes can lead to an evolutionary arms race between 
cheating individuals and the policing mechanisms of their societies (Dobata, 2012). In 
Chapter 3, I investigated an example of cheating-policing conflict in the Eastern 
honeybee, Apis cerana. 
A. cerana has long puzzled researchers as previous studies had suggested a complete 
absence of worker-produce males despite the high prevalence of workers with active 
ovaries (Oldroyd et al., 2001a). The major aim of Chapter 3 was to determine whether 
or not A. cerana workers with active ovaries actually lay their eggs, and thus determine 
whether it is coercion by peers or self-restraint by individuals that maintains 
reproductive harmony in A. cerana. A. cerana workers with active ovaries do indeed lay 
their eggs (Figure 2), but these rarely survive to pupation due to efficient policing 
(Holmes et al., 2014c). Thus, reproductive harmony is maintained by coercion by peers 
in A. cerana, and workers are not completely acquiescent. 
Nanork et al. (2007b) hypothesised that the reason for the high levels of ovary 
activation present in A. cerana colonies is due to an ‘episode of revolution’, during 
which there were significant changes to the egg-marking signal in A. cerana resulting in 
relaxed policing and thus an increase in worker ovary activation. Chapter 3 supports this 
theory, as it shows that A. cerana has slightly less efficient policing than A. mellifera 
(Holmes et al., 2014c). Chapter 3 also shows that in the vast majority of cases, policing 
is effective at limiting the reproductive success of A. cerana workers. Thus it appears 
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Figure 2. Drone comb from an A. cerana colony with eggs present. The results of 
Chapter 3 show that up to 3.8% of drone eggs are actually laid by workers, but a much 
smaller number survives to pupation due to efficient policing. Photo by M. Holmes. 
113 
 
 that in the arms race between policing and selfish behaviour, policing has once again 
caught up to the cheats in A. cerana. However, the workers are yet to completely 
acquiesce (Holmes et al., 2014c). 
Pheromonal signals are also of vital importance in regulating worker reproduction in 
honeybee colonies. In Chapter 5, we saw that a disruption of brood and pheromone 
signals results in a significant increase in ovary activation among A. cerana workers, 
even though a large proportion of workers were already reproductively active (Holmes 
et al., 2014a). This suggests that A. cerana workers still perceive and react to queen and 
brood pheromones, even though many are already likely to have activated their ovaries. 
Indeed, the fact that this response could be elicited merely by confining the queen to 
one portion of the hive suggests that A. cerana workers are even more sensitive to 
pheromonal signals than A. mellifera (Holmes et al., 2014a). 
An interesting observation from Chapter 5 was that despite the significant increase in 
ovary activation in colonies with disrupted pheromone cycling, at no point did worker-
laid brood appear on the queenless halves of the colonies, apart from a single queen cell 
in one of the colonies (Holmes et al., 2014a). The increase in worker ovary activation 
along with the apparent failure of these workers to lay eggs that evade policing mirrors 
the phenomenon of ‘rebel’ workers observed in A. mellifera (Holmes et al., 2013a, 
Woyciechowski and Kuszewska, 2012). Interestingly, in Chapter 3 we saw that some 
worker-laid eggs do occasionally survive to pupation in A. cerana (Holmes et al., 
2014c), just as ‘anarchistic’ eggs do in A. mellifera. Thus it seems that ‘rebel’ and 
‘anarchistic’ workers occur in both A. cerana and A. mellifera, and possibly other Apis 
species as well. 
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Additionally, the finding that A. cerana is thelytokous (Chapter 6) may provide an 
alternative explanation for the high levels of ovary activation in this species. Thelytoky 
radically changes the kin structure of an insect society (Greeff, 1996). Workers are now 
equally related to offspring of other workers as they are to offspring of the queen, so 
selection for strict policing is relaxed (Greeff, 1996). In this case, we would expect 
workers to become more reproductive, as is the case in A. m. capensis, the only other 
honeybee with ovary activation rates comparable to A. cerana (Beekman and Oldroyd, 
2008, Goudie and Oldroyd, 2014).  
Directions for future research 
This thesis has contributed new insights into the nature of reproductive parasitism in 
Apis. These insights open up several new avenues for investigation, which I will now 
describe. 
Investigating the potential effects of thelytoky in invasive A. cerana  
From an ecological perspective, one of the most significant findings of this thesis is that 
some A. cerana workers are capable of thelytoky (Holmes et al., 2014b). If thelytokous 
reproduction is rare in A. cerana, could it be that some thelytokous lineages invaded the 
Solomon Islands, New Guinea and then Australia? Thelytoky maintains the invasive 
genotype, so this scenario is more than plausible, and would explain why invasive 
populations have only recently occurred. A first step, therefore, will be to confirm 
whether or not A. cerana in northern Australia is reproducing thelytokously. This can be 
done by genotyping queens and a sample of workers from as many A. cerana colonies 
in northern Australia as possible, and using the same techniques employed in Chapter 6 
to determine if any are thelytokously produced. 
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If the A. cerana population in Australia is indeed reproducing thelytokously, this 
potentially provides evolutionary biologists with a unique opportunity: to document the 
emergence of a socially parasitic lineage in real-time. The presence of A. cerana in 
northern Australia could lead to the evolution of such a lineage either directly via 
thelytokous reproduction by A. cerana workers, or by interspecific matings triggering 
thelytoky in A. mellifera (Nakamura et al., 1998, Remnant et al., 2014). A logical 
preliminary investigation would be to artificially inseminate A. mellifera queens with 
the sperm of A. cerana drones and genotype their worker offspring to determine if they 
are produced sexually or thelytokously. 
Quantifying the extent of thelytoky in A. cerana  
Several studies of A. m. capensis investigating both reproductive swarming events and 
emergency queen replacements have shown that the contents of about half of all queen 
cells are the daughters of workers, and a significant proportion of these were laid by 
workers not natal to the colony (Allsopp et al., 2010, Beekman et al., 2009, Holmes et 
al., 2010, Jordan et al., 2008). Additionally, a quantitative study showed that 10.5% of 
all workers in A. m. capensis are the daughters of workers, but that this is significantly 
higher during swarming events as this is the most important time for A. m. capensis 
workers to attempt to reproduce (Beekman et al., 2009). Now that we know A. cerana is 
sometimes thelytokous, the next step is to determine to what extent workers are able to 
parasitise queen cells. Additionally, it will be interesting to determine how many 
workers, if any, are produced thelytokously in order to provide an estimate of the 
prevalence of thelytoky in A. cerana colonies. Interestingly, it appears as if some of the 
worker-laid queen cell contents examined in Chapter 6 could have been from the same 
subfamily (Table 1, Chapter 6). Thus it is possible that, similarly to the anarchists 
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observed in arrhenotokous A. mellifera, there are low frequencies of specialised, 
thelytokous parasites in A. cerana colonies. 
Are queen replacement events reproductive opportunities for workers in other Apis 
species? 
This thesis has shown that queen replacement events are important reproductive 
opportunities for both A. mellifera (Chapter 2) and A. cerana (Chapter 6). Indeed, one 
implication of Chapter 2 is that all insect societies contain individuals capable of 
becoming reproductive parasites, given the right combination of circumstances and 
adaptations. As exemplified by Melipona scutellaris (Alves et al., 2009, Van Oystaeyen 
et al., 2013, Wenseleers et al., 2011), the ways in which these individuals can exploit 
these opportunities can be highly variable across taxa. It is currently unknown as to 
whether queen replacement events are exploited by reproductive workers in other Apis 
species. In the only studies carried out on other Apis species, a complete absence of 
worker reproduction was found in queenright colonies of A. florea (Halling et al., 2001) 
and A. dorsata (Wattanachaiyingcharoen et al., 2002). What might occur in these 
species when reproductive harmony is disrupted by a queen replacement event? In an 
evolutionary sense, it would be particularly interesting to investigate this in these 
species as they are more basal than the better studied A. mellifera and A. cerana (Arias 
and Sheppard, 2005, Engel and Schultz, 1997, Lo et al., 2010, Raffiudin and Crozier, 
2007). 
What is the nature of policing mechanisms in other insect societies? 
In Chapter 3, we saw that reproductive acquiescence theory (Wenseleers et al., 2004a, 
Wenseleers et al., 2004b) can also be used to explain the high levels of ovary activation 
in A. cerana. Reproductive acquiescence theory is based on a negative correlation 
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between policing effectiveness and frequency of reproductive workers, and the 
observation of a positive correlation between average worker relatedness and frequency 
of reproductive workers (Wenseleers et al., 2004a, Wenseleers et al., 2004b, Wenseleers 
and Ratnieks, 2006b). While the findings of Chapter 3 do not affect the first 
relationship, they seriously weaken the second (Holmes et al., 2014c). This is 
unsurprising, as there are already several examples of clonal and monandrous species 
(in which genetic conflicts are much lower than in polyandrous species) in which 
policing is required to limit worker reproduction (Hartmann et al., 2003, Schmid et al., 
2013, Teseo et al., 2013, Zanette et al., 2012). Clearly, the current model of 
reproductive acquiescence theory (Wenseleers et al., 2004a, Wenseleers et al., 2004b) is 
not very applicable to these species, at least not where the predictions apply to 
relatedness and worker reproduction. Models attempting to define the circumstances 
under which worker policing arises in monandrous species are starting to be developed 
(Wenseleers et al., 2013, Foster and Ratnieks, 2001a, Ohtsuki and Tsuji, 2009). While 
these models do have some empirical support (Wenseleers et al., 2013), it is now 
important to test them over a variety of monandrous taxa. This will allow for better 
understanding of how factors such as the colony-level costs of worker reproduction, 
competition between worker-laid brood and worker-destined offspring, and biasing of 
sex ratios can lead to the evolution of policing (Foster and Ratnieks, 2001a, Ohtsuki and 
Tsuji, 2009, Wenseleers et al., 2013). 
How did mechanisms for limiting worker reproduction in honeybee societies evolve? 
In Chapter 4, I showed that, as has been hypothesised in A. mellifera, guarding in A. 
cerana most likely evolved as a defence against robbing and was later co-opted to 
defend against reproductive parasites. However, A. cerana and A. mellifera are both 
cavity-nesting species, and as the hive entrance in both species is small and easily 
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defended (Figure 3a), guarding is a logical defence against foreign workers. There are at 
least six currently recognised Apis species that are open-nesting (Lo et al., 2010). In 
these species, colonies are comprised of a single comb suspended from a branch (Figure 
3b) or rocky overhang (Oldroyd and Wongsiri, 2006). To date, no investigation of 
guarding into open-nesting species has been carried out. Logistically, open-nests would 
be much harder to defend via guarding, as an intruder landing anywhere on the comb 
would effectively already be inside the colony. How, then, do these colonies defend 
themselves from reproductive parasites? The open-nesting red dwarf honeybee A. florea 
is known to be vulnerable to reproductive parasites, particularly when queenless 
(Chapman et al., 2010b, Chapman et al., 2009b, Nanork et al., 2005). An investigation 
into the guarding strategies of these species, if any, would be valuable, as the open-
nesting bees are considered to be more basal than cavity nesting species (Lo et al., 
2010). As it has been hypothesised that guarding originated as a defence against robbing 
(Chapman et al., 2009a, Holmes et al., 2013b), information as to whether or not this 
behaviour occurs in open-nesting and more basal species would provide further insight 
into how guarding behaviour evolved. 
Similarly A. cerana workers reacted similarly to A. mellifera to a dilution of 
pheromonal signals (Chapter 5), suggesting that this mechanism for regulation of 
worker reproduction is preserved across these two species. Interestingly, pheromonal 
regulation of worker reproduction appears to be conserved across a wide range of 
Hymenopteran taxa (Van Oystaeyen et al., 2014). In A. mellifera, it is the brood 
pheromone that appears to be more important, as reducing the amount of brood present 
without restricting the queen’s access to the hive can cause queen supersedure events 
(Pettis et al., 1997). While Chapter 5 shows that disrupting pheromone cycling clearly 
affects worker ovary activation, it was not sufficient to uncouple whether queen or  
119 
 
 Figure 3a. Entrances of cavity nesting species, such as this A. cerana colony, are very 
small and thus easily defended in the majority of cases by just a few workers. This 
makes guarding a logical defense against both robbing and reproductive parasites. Photo 
by M. Holmes. 
 
Figure 3b. Open-nesting species, such as this A. andreniformis colony, build single 
combs on branches or under rocky overhangs that appear to be much harder to defend. 
Invading workers need only land anywhere on the comb to effectively be ‘inside’ the 
colony. Photo by. M. Holmes. 
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brood pheromones were more important for this. Thus the next logical experiment 
would be to reduce the amount of brood present in A. cerana colonies without 
restricting the queen’s access to the hive, as Pettis et al. (1997) did in A. mellifera. If 
workers activate their ovaries when brood is removed, we will know that it is the brood 
pheromones that are most important in regulating worker reproduction in queenright A. 
cerana colonies. 
Additionally, the nest architecture (cavity- or open-nesting) of a honeybee colony will 
likely affect the dissemination of pheromones throughout the colony. Thus it would be 
interesting to see if pheromonal signals are as important in the regulation of worker 
reproduction in open-nesting species as they are in A. mellifera and A. cerana. A brood-
reduction experiment such as the one described above could be performed in open-
nesting species as well. 
Conclusion 
As we have seen, the myriad of interactions between selfish individuals within a 
honeybee colony, and the forces that attempt to control them, make these societies 
incredibly complex. Just as in human societies, it seems that as soon as a group-level 
mechanism to counter selfish behaviour evolves, a new cheater emerges with a way to 
get around it. Studying social conflict in insect societies provides us with remarkable 
insights into the nature of social living, and the evolution of social behaviour as a 
whole. We can learn much about our own societies from studying those of the insects. 
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